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Opening Remarks

Victor L. Friedrich
Deputy for Communications and Target Acquisition
Office of Assistant Secretary of the Army (R&D)

Washington, D.C.

With this symposium having completed a 30 year run and control and frequency synthesis technology is capable
entering the 4th decade, I would like to commend the of providing the stability and frequency tuning needs
Electronics Technology and Devices Laboratory of the for the 25 kHz channel spacing. However, as we look
Electronics Command at Fort Monmouth for these very further into the future, we find techniques which pro-
excellent series of annual symposia which they have so mise to further and substantially reduce the radio
effectively sponsored. Having been a member of the frequency channel bandwidth needed for effective and
Research Office of the Electronics Command when the high quality voice communications. The application
symposia were started, I had the opportunity to parti- of sophisticated coding and signal processing tech-
cipate in the meetings from their inception. As many niques promises these further substantial reductions.
of you know, the meetings were held in the Fort Mon- As these techniques reach maturity and if hopefully
mouth area until the facilities became inadequate due they become cost effective, a corresponding need for
to the sizeable partipation in the meetings. The dis- improved frequency standards for tactical systems
cussions at the early meetings centered largely on the will become a requirement.
various aspects of quartz, including crystal cuts,
aging, of electrode loading, and, of course, the field While decreased bandwidth is a desirable goal, there
of synthetic quartz growth was then in its early phase, are several other equally important goals. Communi-
and the papers and discussions dealt with experimental cations under severe signal interference is a chal-
techniques for the growth of quality synthetic quartz lenging goal. Techniques such as rapid frequency
in laboratory autoclaves. hopping, that is, changing frequency many times each

second, by sending short bursts of RF with each burst
Several years ago I had occasion to visit the Western being transmitted at a different frequency on a
Electric plant in Andover, Mass., where I toured their pseudo random basis, or the use of spread spectrum
synthetic quartz facility. The sizeable underground both of which require a form of synchronization are
autoclave installation and the racks of synthetically potential solutions. These same techniques also are
grown quartz crystals were evidence not only of the promising, at least to a limited extent, to fulfill
products of the researchers but also of thF -ffective- a second need, that of concealed emissions or emissions
ness of the information interchange which ras been ac- with a low probability of intercept.
complished so extensively at these symposia. In the area of data transmission, as you know, there
In reviewing this year's program one finds that quartz is appreciable commercial exploitation and application.
still occupies the attention of the researchers, but In the military narrow band data is now being trans-
its applications have expanded from frequency control mitted quite extensively and the need for transmission
and filters to many others, including the very active of broad band data is increasing. Methods for more
field of surface acoustic wave technology. This is an efficient and effective transmission of distributed
area in which many diverse applications are emerging, type multi-channel information are being explored with
not the least of which are the advances which it is time division multiple access being given appreciable
creating in signal processing, and signal processing attention. In the distributed TDMA concept being ex-
in the communications and the radar field is very plored for military use all users transmit on the same
promising. frequency during their time slot, which is, of course,

an inherent feature of TDMA systems, and thus the data
In the time that I have, I would like to dwell on some can be directed to any desired participating users.
aspects of military communications electronics devel- This is of particular value when data needs to be dis-
opment of today and which in part are dependenton the tributed to many users or when a number of users need
area of frequency control, to share or interchange data. Since the time slots

throughout such a distributed system must be controlled
If we examine the history of net type radio develop- or time synchronized within reasonable tolerance, the
ment, I am referring now to the VHF/FM manpack and system will also provide relative position data among
vehicular type radios, we need but examine the radio the users, some or all of whom may be on the move.
frequency channel spacing to realize the effect that This offers several advantages since each user can de-
advances in technology have fostered. The early radios, termine his position with respect to his neighboring
those of the nineteen forties, used 100 kHz channels users or the entire user community positions can be
for FM communications. The next generation radios, displayed centrally.
those of the late fifties and still largely in use to-
day, employ 50 kHz channels. The improvement in fre- Another approach being examined for multiple user trans-
quency stability technology coupled with advances in mission in military applications does not require rigid
basic radio technology thus provided us with twice the channelization of the time domain. In this form of
radio communication capacity over the earlier equip- communication the data to be transmitted is packaged
ment. We are now proceeding with development of the into packets, each containing say u p to several thou-
next generation radio system. Once again the radio sand bits. Each packet has a header which contains
frequency channel bandwidth is being halved, to 25 kHz. the address and the routing. The communications sys-
These radios will transmit and receive conventional tem for tactical military applications would consist
analogue FM voice communications and will also communi- of a distributed array of radio repeaters placed
cate both digitized voice and data. Current frequency through the area of coverage so as to overcome line



of sight limitations. No pre-assigned time slots are
used, but instead, before a packet is transmitted, the
system samples to determine if the circuit is free.
In this way many users with small quantity data trans-
mission needs can have access to the system. As the
system becomes heavily loaded, the time to complete
an end to end transmission may increase. However, the
system is not limited to a discrete number or to dedi-
cated time slots and is thus able to accommodate many
distributed subscribers.

In the area of satellite communications, existing mil-
itary satellite systems dedicate channel capacity to
pre-assigned users. Specific frequency slots are al-
located to each user of the system. While this pro-
vides for high channel accessibility and availability,
it may however, result in low duty factor per channel
and restricts the number of users who have access to
the satellite system.

Recent developments in satellite communications tech-
nology will permit more efficient assignment of satel-
lite capacity through a concept called Demand Assigned
Multiple Access. This concept will permit assignment
of satellite communications capacity to users as re-
quired, and on demand by sharing the time channels
with other users.

Looking at the higher frequencies we find that the
millimeter and submillimeter portion of the spectrum
has seen increased R&D activity in the past few years.
Applications in communications including wide band
volume type communications for satellite use and for
short haul terrestrial 'se and also point to point
single channel communications are being addressed.
Also for unique applications, investigations are un-
derway for the use of frequencies in which propaga-
tion attenuation provides a measure of communications
privacy or protection from intercept. In addition,
high precision radars and guidance systems are being
explored at these short wavelengths which can pro-
vide highly accurate position and velocity data as
well as imagery similar to that achieved with photo-
graphy. The advanced applications that millimeter
and submillimeter wavelengths promise are causing
increased componentry developments at these wave-
lengths. No doubt the need for precision frequency
standards will become more dire as further applica-
tions in these portions of the spectrum become re-
ality.

These are some of the technology areas we have under
investigation. The role of electronics is an ever
expanding role in military systems and the conduct
of military operations is becoming increasingly more
dependent upon the applications of advanced electronic
technology. There is hardly a system, weapon or sup-
porting, land, sea, air or space, that does not depend
upon electronics as a key element in its operation.
The effective and efficient utilization of the spec-
trum for these applications is a role that has been
effectively accomplished by the frequency standards
community and we look forward to your continuation
of these efforts to achieve even greater performance.
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TTC'S - FURTHER DEVELOPMENTAL RESULTS

John A. Kusters
Charles A. Adams
Henry Yoshida

Hewlett-Packard Laboratories
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and

Jerry G. Leach
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Summary The initial goal was to develop a crystal capable
of rapid heating in an oven without significant fre-

Further developmental work has been performed to quency overshoot. Fig. 2 is a plot of data taken
determine the suitability of the thermal transient using a 5 MHz AT cut in a fast warm-up oven. The oven
compensated crystal cut (TTC) for use as a precision normally reaches its operating temperature in 300
frequency standard. seconds. Frequency transients induced by thermal

gradients causes the AT to overshoot its desired
Current investigation is concentrated on a 10 MHz, frequency for substantial time after the oven reaches

3rd overtone design. Of interest are data on tempera- its operating temperature. Fig. 3 shows the same data
ture characteristics, frequency-drive level dependence, taken with the same oven using a TTC cut. When the
'2-g' tipover performance, short term stability, long oven reaches its design temperature, the oscillator is
term aging and thermal transient performance. The within 1 part in 10' of its design frequency. Within
superior temperature performance and drive level several seconds, the oscillator is within the system
independence shown in one diopter contoured units measurement limits of ±2 parts in 1O9.

implies that oscillator and oven design can be greatly
simplified with no reduction in precision time base A further advantage of the TTC is shown in
performance. Fig. 4. This shows the temperature-frequency perfor-

mance of three representative cuts, the AT, BT and
TTC cut, all operating at the same turnover temperature

Introduction of about 80'C. The TTC is within a part in 10' over
a temperature range of ±0.80 C. This superior tempera-

The work reported here on the TTC was initially ture performance, coupled with its fast warmup capabi-
inspired by a theoretical prediction of an orientation lities, were predictable on the basis of the original
in quartz that was free of thermal transient effects, theory'-2 . The further results presented here were
the TS cutI' 2 . After confirming experimentally the not expected when the study started.
existence of this cut 3, the name was changed to the
TTC cut with the concurrence of Holland. Essentially.
the same orientation was predicted for another crystal Contour Dependence
cut that was compensated for mounting stresses and
electrode stresses in the plane of the crystal, the TTC units were initially made in three different
SC cut'. Further experimental data- has been presented contours, one, two and three diopters. Table I shows
on the TTC cut which further confirms Holland's the mean resistance and Q data as measured on these
predictions, but still only partially confirms those units.6  These measurements indicate that minimum
of EerNisse. resistance and maximum Q do not occur at the same con-

tour as they did for the 5 MHz, 5th overtone units.
3

Further testing produced the frequency-drive level
General dependency results shown in Fig. 5. One diopter units

show virtual independence of the crystal drive current.
The work reported here was confined to the develop- For comparison, typical data for AT and BT cuts are

ment of a 10 MHz, 3rd overtone design which is suitable also shown.
for high precision, oven controlled timebases.
From previous work,S the orientation, (yxwl) 21.93°/ Since the TTC is a doubly-rotated cut, the acoustic
34.110, was determined to be the optimum cut. All mode spectra is expected to be quite messy. Fig. 6
crystal units are plano-convex, 15 mm. in diameter, shows the measured mode spectra for the three test con-
with 11.4 mm. electrode diameter and polished on both tours. As expected, increasing the contour permits
major surfaces and edge. X-ray orientation of the a greater separation between the desired response, and
finished unit is better than I' of arc. Contour is te beginning of the anharmonic responses. However,
held to a tolerance of ±0.05 diopters. After fabrica- this also increases the frequency-drive level depen-
tion, the blanks are base-plated, then installed in an dence and the series resistance. A good compromise
in-line system, brazed to a two-point mount, frequency seems to be the two diopter contour. This yields maxi-
plated, baked, backfilled to 4 torr of He at 375 0 C, mum Q with a moderate incrpese in resistance and drive
and finally sealed into a coldweld enclosure without level depedence. Further, the first anharmonic mode
further exposure to atmosphere. Sealed and unsealed is almost 125 KHz above the desired mode, reducing
units are shown in Fig. 1. possible problems of nonlinear coupling or activity

dips.

3



over of 75°C, is 1 x 10"10 per day. This is fully
comparable to current BT units made in the same manner.

Mounting Dependence The BT units, ultimately after about 100 days, reach
an aging rate of about 3 x 10- 2 per day. Insuffi-

Of primary importance is the performance of the cient time has elapsed to indicate the final aging
TTC cut with respect to the mounting location. The rate that the TTC's will reach, but at this time it
rotational angle convention used is shown in Fig. 7. is expected to be comparable to the BT units.

Table II presents data taken on various 2 diopter,
plano-convex units as a function of the mounting Conclusions
location. As expected, the crystal parameters shown
are at best a weak function of the mounting location. A generalized comparision between the TTC and
The data shown is the mean of the various units. The similar conventional cuts, such as the AT and the BT,
frequency-temperature coefficients are referenced at is shown in Fig. 12. We believe that the data pre-
the turnover temperature. sented in this paper and in its two predecessors" '

shows that the TTC is superior in fast warm-up charac-
Fig. 8 indicates the amount of thermal transient teristics, in its frequency-temperature behavior, and

compensation achieved as a function of mount location, in its frequency-drive level dependence. Further,
With this orientation, the average compensation is the TTC is significantly better in its measured short
some 200 times better than the AT or the BT. As a term stability and in the observed '2-g' tipover tests.
result, the temperature scan necessary to obtain this Finally, no device tested to-date has shown any
data was about 25'C/minute. The data is not totally significant activity dips. In most testing cycles,
conclusive, but does indicate that the best compensa- any frequency variation to a part in 109, or imped-
tion is achieved at a rotational orientation of ance deviation of one-half ohm or greater caused
about -15o. The data also shows quite strongly that by activity dips would have been observed. None were.
even though the helium backfill in the can causes
gaseous conduction to be the primary heat transfer The data also implies that values related to the
mechanism, there is still a significant transfer of simple geometry of the quartz blank, such as shunt
thermal energy through the mounting pins. capacitance, remain essentially unchanged. Also, pre-

liminary indications are that the long term aging of
The mounting dependence for '2-g' tipover testing the TTC will be comparable to that observed on similar

is shown in Fig. 9. In this and in Fig. 8, the solid 10 MHz, 3rd overtone, BT's.
curve shown is strictly a guess and is intended to be
only representational, not an exact locus of data. The data also shows that the TTC will yield lower
The results observed to date indicate the best response Q values, higher series resistance values, and a richer,
to a 2-g change occur at rotational angle of about more complicated frequency spectrum. The most serious
20'. The actual response for a 15' mount is shown in drawback to the full implementation of the TTC may be
Fig. 10. Preliminary squeeze testing indicates that its tight manufacturing tolerances. The slopes of the
the TTC does have a zero frequency-stress dependence lower turnover temperature, as a function of the orien-
at about 20' from the Z-Z' axis. The same zero tation angles for the TTC are: -75.3*C/°o and -248°C/
dependence occurs at a point about 200 from the X-X' 'e. As the TTC is not located on a convenient family
axis. At this orientation, however, the '2-g' depen- of atomic planes, the amount of extra X-ray orienta-
dence is almost at a maximum. All of this seems to tion required7 will probably restrict this cut to
conflict with the prediction of the SC cut that zero uses requiring the highest precision and stability.
frequency-stress effects occur at ±450 from the Z-Z'
axis, and that these two mounting axes should have
identical behavior. Acknowledgements
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THE FORCE-FREQUENCY EFFECT IN DOUBLY ROTATED QUARTZ RESONATORS
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Fort Monmouth, New Jersey 07703
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Albuquerque, New Mexico 87115

Summary Among the nonlinear effects of interest are:

Precision frequency control requirements for a Force-frequency
future digital communication systems require improved a Acceleration - frequency
crystal resonator performance in a number of aspects. s Resonance amplitude - frequency
Accordingly, the potential of doubly rotated quartz . Intermodulation
cuts has begun to be explored. In the neighborhood a Mode coupling - activity dips
of the SC-cut (YXwl) */0, # - 21.90, e a +33.90, a a Dynamic thermal - frequency
variety of effects having their bases in nonlinear a Film stress - frequency
elasticity have been shown, or are predicted, to be
improved with respect to corresponding AT-cut values. Some of these have received, or are receiving, theoreti-
The static frequency-temperature behavior also shows cal and/or experimental treatments; this paper is
improvement, principally concerned with the force-frequency effect

which has thus far not been investigated in any detail
This paper concerns the force-frequency effect, for doubly rotated quartz plate vibrators. This effect

thus far not investigated in any detail for doubly relates the initial stress produced by the mounting
rotated quartz plate vibrators. It relates initial supports to resonance frequency changes; it contributes
stress produced by mounting supports to resonance fre- to long-term aging and is also related to the frequency
quency changes; it contributes to long-term aging, and excursions produced in shock and vibration environments.
is related to the frequency excursions produced in
shock and vibration environments. In-plane diametric forces applied to the periphery

of vibrating plates produce frequency changes (order
In-plane diametric forces applied to the periphery 10

-
7 per gram) that depend upon the azimuth angle * in

of vibrating plates produce frequency changes that the plane of the plate. If # is measured from the X"
depend upon the azimuth angle * in the plane of the axis, then it is found experimentally

11 
that for the

plate. For the IT-cut at # = 19.10, the maximum value AT-cut the effect is zero at * values of 600 and 1200.
was found previously to be only about one-third that For the IT-cut at # = 19.10, Ballato

1 
found the zeros

of the AT-cut. This points to a reduced coefficient to occur at 0 - 850 and 1630 with a maximum value about
at the SC-cut as well. Measurements of the force fre- one-third that of the AT-cut. This points to a reduced
quency effect coefficients have now been extended to coefficient in the SC-cut as well.
doubly rotated quartz plates. Also given are charts
of the mode spectra in the region of the thickness In this paper we extend the force-frequency effect
modes, and the modal temperature coefficients. measurements to doubly rotated quartz plates on the

upper zero temperature coefficient locus, concentrating
The force coefficient data are compared with theo- on the SC- and FC-cuts because of their technological

retically predicted values obtained from a variational significance. Also given are charts of the mode spec-
principle applied to an anisotropic disc supported at tra in the region of the thickness modes and the modal
two diametric points. This analysis departs from pre- temperature coefficients.
vious treatments in two major respects: 1) the iso-
tropic stress pattern is replaced by anisotropic The force coefficient data are compared with theo-
stress; 2) the elastic problem is treated for triclinic retically predicted values obtained from a variational
symmetry, rather than monoclinic symmetry. These in- principle applied to an anisotropic disc supported at
vestigations verify the superiority of doubly rotated two diametric points. This analysis departs from pre-
plates with respect to the force-frequency effect and vious treatments

2
,
5
,
12
-
15 

in two major respects:
provide further motivation for their continued 1) the isotropic stress pattern is replaced by the more
development and utilization, accurate anisotropic stress; 2) the elastic problem is

treated for the general triclinic symmetry, rather than
Introduction the monoclinic symmetry appropriate to rotated-Y-cuts.

16

Precision frequency control requirements for digi- These investigations verify the predicted superi-
tal communication and position location systems cur- ority of doubly rotated quartz plates over the conven-
rently undergoing development make it imperative that tional AT-cut, with respect to the force-frequency
crystal resonator performance be improved in a number effect, and provide further motivation for their con-
of aspects. Accordingly, the potential of doubly tinued development and utilization.
rotated quartz cuts has begun to be explored.

1-10 
For

cuts on the upper zero temperature coefficient locus Doubly Rotated Crystal Plates
in general (0 6 +340), and in the neighborhood of the
SC-cut in particular (0 - 21.90, 8 a +33.90), a variety Doubly rotated crystal plates are the most general
of effects having their bases in nonlinear elasticity kind of one-dimensional thickness-mode vibrator. The
have been shown, or are predicted, to be reduced below orientation is uniquely specified by two angles--t and
the corresponding AT-cut values. In addition, the e. Following the usual convention,

1 7 
the orientation

static frequency-temperature behavior shows some with respect to the crystallographic axes is described
improvement. a (YXwt)/. Examples of singly and doubly rotated

cuts are shown in Figure 1, along with the angles.
3

Also shown in the figure is the locus of zero first



order temperature coefficient (ZTC) for quartz reso- Mathematical Modelins
nator plates. In quartz, the first rotation lowers
the apparent symmetry from trigonal to monoclinic; An overview of the present theoretical work, com-
the second rotation further lowers it to triclinic. pared to past treatments, is shown in Figure 5.

Static Frequency-Temperature Behavior Past theoretical analyses
2
'5,

12
,
1 3 

of static
mechanical stress bias effects, in general, and of

For quartz plates on the upper (0>0) ZTC locus, force sensitivities, in particular, have been two-
the static frequency-temperature (f-T) curve exhibits step calculations. First, linear elastic solutions
a cubic behavior. The AT-cut is the classical for the distribution of static mechanical stress bias
example. Whereas the inflection temperature (the in the resonator blank were obtained, assuming that
temperature half-way between turnover points) occurs quartz is isotropic. These isotropic static solutions
at room temperature for AT-cuts, this temperature for the stress at the blank center were then used to
increases steadily with increasing angle #, becoming calculate resonant frequency shifts in non-linear wave
48

0
C at the FC-cut, 741C at the IT-cut, 95

0
C at the propagation calculations which included the correct

SC-cut, and 157
0
C for the rotated-X-cut. Typical f-T anisotropy of quartz and third-order elastic constant

curves for the SC-cut are shown in Figure 2 for the effects.
c- and b-modes. Dots represent measured points. For
the b-mode (the faster, quasi-shear mode, classed as The present work is a two-step calculation where
undesired), the first order temperature coefficient an attempt is made for a better solution to the static
is -25.1 XiO-6/K. The c-mode (slower, quasi-shear, problem. The calculus of variations (essentially the
desired mode) curve was fit by quintic least-squares Rayleigh-Ritz method) is used to find approximate
to yield the following coefficients at 25°C: solutions to the anisotropic static stress problem.

The approximate static solution for the stress at the
a - 0.38 X10-

6
/K blank center is used in a non-linear elastiz wave

b - -11.4 XI0-
9
/K2 propagation code to calculate resonant frequency

c - 26.8 X10-
1 2

/K
3  

shifts.

d - 136. X10-1 5/K4

e - 175. XI0-
18
/K

5  
The present theoretical results for the singly-

rotated AT- and BT-cuts provide a much improved com-
The SC-cut is seen to have its inflection temperature parison with published experimental results than the
around 100

0
C, so that it would normally be operated earlier theoretical results. The theory is used to

around its lower turnover temperature, where the upper calculate force sensitivity coefficients for the
turnover is used for the AT-cut. Compared with the doubly-rotated cut family containing the important AT-,
AT-cut, the SC-cut is also flatter, so a given tem- IT- , FC- , and SC-cuts. The results provide the
perature control will correspond to a smaller crystal designer with the appropriate azimuthal
frequency deviation, angle to mount the resonator on a two-point mount for

minimum force sensitivity.Mode Spectrographs
3

A. Theory
A wide band mode spectrograph is shown in Fig-

ure 3 for an SC-cut crystal. The modes, in order of One calculational approach that has been useful on
frequency, are denoted as m(M), where m is the mode numerous occasions for calculating stress patterns in
type (a, b, or c) and M is the order of the harmonic, static and vibrating elastic material bodies is the
The sequence shown is cfl) bil) ail) cJ3) bJ

3
) cJ

5
) calculus of variations.

21
,
22 

The method is approximate
b 

5
) a, and c(

7
). although the closeness to which the approximate solu-

tion can be brought to the actual solution is a matter
The thickness-shear mode TSi at cutoff corresponds to of degree depending on the choice of trial (basis)
the c-mode; the thickness-twist TT3 at cutoff cor- functions, available computer size, and patience. The
responds to mode b, and mode a is the thickness- method for static problems amounts to formulating the
stretch mode, TE. The spacings and amplitudes total elastic stress-strain energy stored in a given
measured agree closely with those calculated last body for the given boundary conditions and trial
year.

3  
functions and then adjusting the trial functions to
minimize the stored elastic energy. The approxima-

In Figure 4 the spectrum in the vicinity of the tions obtained with the method are somewhat better for
c-mode is shown; a narrowband plot about the b-mode the elastic energy values than the stress distribu-
resonance is given in Figure 5. From Figures 3, 4, tions, but sufficient accuracy of the stress distribu-
and 5 one sees how very clean the spectrum is, even tions can be obtained for practical considerations.
for the harmonic modes. The flat SC-plate used for
this experiment had the following measurements: The total stored elastic energy L is given by

plate diameter a -14.18 m; L =- Jf dV SUSXC - f(&3 FtU ()
electrode diameter 0e 

= 
5.0 mm (keyhole

pattern); V S

mass loading (plateback) U - 1.8%;
c-mode fundamental frequency - 5.937 MHz.

Here V and S are the resonator blank volume and sur-
Although one would suspect that the SC orienta- face, C A is the elastic stiffness tensor in engineer-

tion, because of its lower symmetry, would have a ing not~tion, Fi is the distribution of force per unit
more complicated unwanted mode spectrum, it appears area acting on the surface, Ui is the elastic displace-
that energy trappingl8,1

9 
can be applied readily to ment vector. We use a cartesian coordinate system xj

these plates, although the optimum electrode shape
20  

for the plate, and
and plateback relations are not available at the
present time. S = (U.,, U1,1)/Z (2)

Here X and U run 1-6, and i and J run 1-3. SU is

9I



related to Sij by the conventional
21 

relations between which included rotation of the quartz elastic tensor

engineering and tensor notations, to obtain y j and arbitrary selection of M, N, P, Q,
T, and U. Fom symmetry arguments, one is led to use

The present calculations treat a circular resona- groups of the trial functions, adding new groups until
tor blank of diameter d and thickness T described by satisfactory convergence is obtained. The groups are
the IRE standard

17 
notation (YXw1)0/e. We consider defined by (0,R), where the group includes all pairs

only contoured or energy trapped resonator designs of (mn), (p,q), and (t,u) with the first member
where the vibrational acoustic energy is restricted to increasing from zero to R in steps of one while the
the vicinity of the blank center. Contouring effects second member decreases from R towards zero in steps
are ignored for the static stress distribution calcu- of one, e.g., (0,3), (1,2), (2,1), (3,0) make up the
lation, however, so that the much simpler problem of a family (0,3).
flat circular plate can be solved for the static stress
distribution. This simplification is warranted because The resulting solution for the static stress at
the thin resonator blanks used for thickness shear the plate center using the published cfjkl constants
resonators allow the assumption that the thickness X2  for quartz

23 
is incorporated into a previously

(or y) dimension is small enough for a plane stress described computer code
2
'
5 
which calculates the reso-

problem. nant frequency shift caused by elastic nonlinearities
(third-order elastic constant effects). We use here

In the case of plane stress, A and U run 1, 3, 5 the definition for the force sensitivity coefficient
and i and j run 1, 3, in Equations 1 and 2 (x2 is Kf defined asl6
blank thickness direction, xI is Z, x3 is w in the
standard notation). AlsoICA Is replaced by y A., the Af FNo (5)
planar elastic stiffness coefficients expressed Yn the Kf dr

plate coordinate system. Hence:
where No is the frequency constant. The plate

v -J. FiU. (3) diameter is d = 4a- Units are Kf in m.sec/N, No in
3  m/sec, d and T in m, and f in sec

-I 
or Hz. Kf is

positive if frequency increases upon application of a
The variational method involves substituting a compressive force.

linear superposition of trial functions for U. in Equa-
tions 2 and 3, carrying out the integrals in hquation 3, The direction of the applied forces F is impor-
and minimizing the resulting expression (differentia- tant because of the anisotropy of the quartz nonlinear
ting the expression with respect to a given coefficient elastic problem and because of the quartz anisotropy
and setting that equal to zero) with respect to the in the static stress problem (the latter is ignored in
coefficients of the trial functions. The problem then earlier isotropic static solutions). We choose to
b-.comes a linear algebra problem in the coefficients, follow the earlier experimental work by presenting
The choice of trial functions must be such that they results for the Kf of a given (YXwZ)0/6 cut as a fune-
represent a pointwise complete set over V and S. If tion of azimuthal angle I. The azimuthal angle is
the trial functions already satisfy some aspect of the measured in right-hand convention about x2 from x1
problem such as the differential equation or boundary (or Z) in the plane of the plate (positive angle
conditions, the number of trial functions needed for going from xl to -x3: our xi, the plate coordinate
adequate convergence is small. For the present case, system, sometimes is referred to as x!).
we take the easy way out and choose a simple power
series expansion of Ui and rely on the computer to B. Results
handle large numbers of trial functions. The trial
functions chosen for the two-point problem are The program was first tested for isotropic blanks.

The solution at the center of the plate converges
MNP rapidly (four significant figures) to that found

U= A Ax 1 x32n + B 2p ,2q+ll (I) analytically,
24 

i.e., 6F/adT compression along the

1 Fa Imn 1 3i a Pq 3 diameter aligned with (inwardly directed) F and 2F/1TdT
tension along the diameter perpendicular to F.U p , q=O

Calculations were carried out for the AT- and BT-

cuts since there exist large amounts of force sensi-
and tivity data and considerable discrepancies between the

data and earlier theoretical results for these cuts.
PQTU 2ulThecresults for the zero temperature coefficient

U ' 2q
1  

Dt x (l) thickness-shear c-mode are shown in Figure 7 as Kf
3i 1 3 U 1 3 vs p. The "Isotropic assumption" in Figure 7 is the

pqtu result obtained in the present computer codes when
the isotropic solution (-6F/wdr, 2F/dr) is used for

The value for Fi is set to equal the static stress pattern at the plate center. This
result, is numerically equivalent to the results

Fi - F/(dr), (4) of Lee, et al.
13 

Note the discrepancies between the
isotropic assumption results and the experimental

where F is the inwardly acting force applied to the summary provided by Ratajski;
16 

namely, the difference
opposite ends of a blank diameter, T is the Vlate in value for Kf at * = 0 for the AT-cut, and the com-
thickness, and 8 is some length dimension which is plete failure to predict the dip in the BT-cut
small relative to the blank circumference (point results. As seen in Figure 7, the present calcula-
force). All the integrals can be carried out in tions using the variational treatment are quantita-
Equation 3, the surface integral being treated in the tively accurate at V = 0 for the AT-cut and predict a'
limit of a point force (6 - 0). After differentiation dip for the BT-cut. The calculations leading to Fig-

with respect to A , B , and D , the resulting ure 7 involved using all the families up to and
linear algebra prmolemPqhas a soYution for Amn, B, including (0,5), making 21 values each for Am. BPq'
and Dtu which scales with F. Thus the static stras and Dtu for a 63 x 63 linear algebra problem. Th.-
distribution can be solved for any known y.. A cot- addition of the (0.5) family only changed the numeri-
puter code for the linear algebra problem was written cal answer for the stress at the plate center in th.

10



third significant figure, so some idea of modification). The frequency is recorded from a
convergence is provided. counter.

Figure 8 contains present results for the thick- Micrometer adjustments are available for assuring
ness shear (mode c) I-cut and previously published accurate alignment of the various portions of the jig.
experimental results.* The qualitative features of Force application was made by a movable rod on which
the experimental data are reproduced by both the iso- calibrated masses were applied; the mass of the rod
tropic assumption results and the full variational was taken into account.
result. In view of the results in Figure 7, where
more experimental data exist, we consider the varia- The crystals considered here had orientations
tional result to be the more accurate. The quanti- (YXwt)1f6, with 0 = 100, 15, and 21.9%, and 6 such
tative discrepancy between experiment and theory is that the units had zero temperature coefficients
not as serious as might appear in Figure 8 because (8 = +34*). All crystal units were provisionally
there is a factor-of-two scale expansion between scored near the X" axis (projection on the Z, or optic
Figures 8 and 7 to account for the generally smaller axis). The true location of X" with respect to the
Kf values of doubly rotated cuts. score mark was later determines for each crystal to

within I* by a conoscope, and enabled # to be accu-
A series of calculations has been carried out for rately known. Crhis procedure was also applied to the

the zero temperature coefficient branch (mode c) sub- still-extant IT-cut crystal that was described in
set within (YXwZ)0/8: 0 = 0* (AT-cut); * = 10*; Reference 1. The new measurement disclosed that the
0 - 15* (FC-cut); * i 19* (IT-cut); 0 = 220 (SC-cut); true X axis as seen in the conoscope was a full 19*
0 = 300 (rotated-X-cut). The results for Kf vs * are in error with respect to the score mark on the crystal.
shown in Figure 9. Thus, the curve in Figure 18 of Reference 1 ought to

be translated to the right with respect to the graph
The family of curves for Kf vs * in Figure 9 are axes, so that the zeros occur at 85* and 163*. This

the general theoretical results for this paper. The finding was a welcome resolution of a disturbing dis-
curves should be useful in choosing the optimum loca- crepancy between theory and experimentl)
tion of bonding pads for two-point mounts to minimize
the effects of mounting stresses and some effects of Measurements were made in * intervals of 10*.
acceleration. Three readings were taken at each *. First, the fre-

quency of the unloaded vibrator was measured. Then
In Table 1 are given the computed angles 0 at the weight was lowered gently, and the loaded frequency

which Kf is zero, as function of 0. Table 2 lists was recorded. Finally, the frequency with the weight
the computed locations and values of the extreme of removed was measured. The first and third frequencies
Kf as function of *. were, in all cases, at most one or two Hz apart. Kf

was then calculated from equation (5) using the mea-
sured values of frequency change Af with applied

TABLE 1. ZEROS OF Kf weight, plate diameter and thickness, force applied,
0o 0. and crystal frequency constant No. For the three cuts

considered, the frequency constants are
10

0 64.7 115.3 t - 10, No = 1690 m/s
10 68.5 125.2 15', 1726
15 74.8 148.8 21.9', 1797.
19.1 79.3 163.1
21.9 81.6 171.9 rigures 11, 12, and 13 show the experimental
30 79.3 184.3 curves for the c-mode cuts at 0 - 10, 15, and 21.9,

respectively. Included in each figure is a curve,
TABLE 2. LOCATION AND VALUES OF Kf EXTREMA shown dashed, of the theoretical result obtained from

Kf (max) *o Kf (min) the variational procedure outlined earlier. The solid
f_ curves represent experimental results averaged over a

group of units, and also over a number of runs on each
0 0 24.5 90 -11.5 unit by three experimenters. The error bars represent
10 17.6 21.4 93.2 -10.8 data extremes encountered.
15 26.0 18.2 98.8 - 8.9
19.1 36.6 15.3 118.1 -10.1 Data scatter is worst for the 0 - 10' units, and
21.9 44.3 14.7 131.6 -14.3 a fully satisfactory explanation for this cannot at
30 55.6 14.7 130.0 -23.9 present be given. In all cases it was observed that

the unloaded frequencies appeared to vary with #,
(Kf in 10

-
15 m.s/N) indicating, e.g., a stray capacitance effect due to

the fixture. A modification of the mounting arrange-
Experimental Confirmation ent to reduce this effect produced the solid curve

shown in Figure 13 without the error bars. As may be
Apart from the IT-cut results obtained in 1960,1 seen in the figure, the modification improves the

no experimental results were available for comparison agreement of the experimental curve with the
with the theoretically predicted force-frequency theoretical. In Figures 11, 12, and 13, the agreement
curves of doubly rotated cuts of quartz, shown in between experiment and theory is generally quite good,
Figure 9. In order to obtain these results, the especially when the smallness of the effect is borne
experimental apparatus of Figure 10 was constructed, in mind. The overall magnitudes predicted and
It contains provisions for the precise rotation of the observed agree well, as do the general features in
angle * by means of a vacuum chuck for holding the each case. The symmetry about * - 0' and 90* observed
crystal (and maintaining strict crystal vertical in the AT- and BT-cut curves (cf. Figure 7) is seen to
alignment), and high-ratio reduction gear. Five il be absent in the doubly rotated cut curves of Figures
wires were bonded to the crystal and served for the 8, 11, 12, and 13; this is because the digonal axis of
electrical connections. To the left in the figure, symmetry, which lies in the plane of rotated-Y-cut
the connections are brought out to a Crystal Impedance plates, is out of the plane for cuts having 0 0 0'.
Meter (RFL model 459 - TS-330 with low drive
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AMPLITUDE - FREQUENCY BEHAVIOR OF

DOUBLY ROTATED QUARTZ RESONATORS

J.-J. Gagnepain
Laboratoire de Physique et Mitrologie des Oscillateurs du C.N.R.S.

32 avenue de l'Observatoire 25000 Besangon France

J.-C. Pongot
Ecole Nationale Supgrieure de Chronomitrie et de Micromnicanique
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and

C. Pegeot
Quartz et Electronique
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Suasa In order to cancell out these phenomena several
ways are possible. The dual crystal oscillator concept

The amplitude-frequent effects of quartz crystal is a promissive possibility which enables to associate
resonators are due to diffe.ent physical mechanisms, with a good spectral purity a low long term drift. But
The main phenomenon is related with the crystal non in fact such a "sophisticated" oscillator will be more
linear elastic properties : elastic coefficients of complicated and then more expensjve. A solution is of-
the 3rd and 4th order, non linear propagation equation fered by doubly rotated crystals , presenting one ad-
But thermal effects can induce also a frequency change ditional degree of freedom, the rotation angle around
under a variation of the drive level. Two kinds of the optical axis, which can be choosen in order to de-
thermal behavior are to be distinguished : the quasi- crease the non linear elastic behavior, the other cut
static thermal effects related with the temperature angle being adjusted to minimize the thermal sensiti-
coefficients and the thermodynamic effects inducing vity.
thermal stresses. Doubly rotated quartz resonators
present the advantage of one more degree of freedom Doubly rotated cut caracteristic angles are pre-
compared to a singly rotated resonator. The amplitude- sented on figure I. These cuts are caracterized by a
frequency behavior is studied as a function of this first rotation f around the x3 ax's, followed by a se-
supplementary parameter which is the rotation angle cond rotation 0 around the x' ais.
around the optical axis.

Results are presented for crystals in the range Amplitude-Frequency effect mechanisms

about 5 ?i z vibrating on the 3rd and 5th overtone.
These resonators are made using plano-convex crystal The A-F effect of quartz crystal resonators was
plates and the irfiuence of the curvature radius is measured by Seed

2 
on AT and BT cut 5 M z resonators,

studied. Thus it is possible to defined crystallogra- Hammond et Al
3 

on high Q one MHz resonators.
phic cuts and crystal parameters with a lower The theoretical analysis was performed by Seed

2 
who

amplitude-frequency effect, gave a relation between frequency and current, by
Gagnepain

4
, who established the non linear equation of

the current through the resonator in the case of the
Introduction pure thickness model. Then more realistic solutions

were given by Tiersten
5 
taking into account the func-

The non linear amplitude-frequency (A-F) effect tional dependance along the plate and by Barcus
6 
who

of quartz crystal resonators is a limiting factor for solved the wave propagation equation keeping a non
their use at high drive level in oscillators and linear term previously neglected in the other studies
filters. and which enables to describe the frequency variations

for low drive levels as well as for high levels.
In oscillators at short term the amplitude modu-

lation noise is transformed into frequency noise and In these studies are introduced the elastic non
for very hard driving the resonator phase response linearities by means of the higher order elastic coef-
cannot be well defined because of discontinuities. ficients. In fact it is necessary to go up to the
For regular AT cut 5 MHz fifth overtone resonators fourth order, because the third order coefficients are
it is not possible to increase the excitation power null for instance in the case of rotated Y cuts. The
above 50 WW. At long term the all drifts of the dri- non linear equations (wave equation, strains,...) are
ving power are also converted into frequency drifts limited up to the third order. The corresponding solu-
and, for the same kind of resonators, in the case of tions present a fast response time.
power variations of I %, to achieve a theoretical re-
lative frequency stability of I x 10-12 the mean dri- However the thermal behavior related with a ya-
ving power has to be almost as low as a few nW. There- riation of the drive level can also introduce a fre-
fore it is not possible to obtain the best short term quency change which appears as A-F effect. But it is
and long term stabilities at the same time with a necessary to distinguish between quasistatic tempera-
single AT cut resonator in the present state of the ture behavior and thermodynamic effects.

In the first case, the mean temperature changes
In hard driven crystal filters, both discrete and therefore the frequency variations follow the law

.lement and monolithic, intermodulation will occur given by the well known temperature coefficients. This
also due to elastic non linearities and thermal ef- is not a non linear mechanism. It can be reduced by
fects. (Sometimes an other phenomenon is present rela- choosing the appropriate cut and using the crystal for
ted with surface defects). instance at a temperature corresponding to the turn

over point temperature.

17



The second thermal phenomenon is the thermodyna- e R 
+ 
R

mic effect. The elastic vibrations induce heat sources d- 0 10

within the crystal because of the internal losses. dt 2 LIO
These sources are located at the maximum of the mecha- (6)

nical vibrations. A thermal diffusion takes place and d- d -e° sin - k3

the crystal goes to a new thermal equilibrium
7 
with an I = . - 2w 0

inhomogeneous temperature distribution.

with Wo (I + c). k is a phenomenological coeffi-
Therefore thermal stresses appear and there is a cient caracteristic of the A-F effect including al,

coupling with the propagating wave, due to the third g1, Y].
order non linear elastic coefficients, inducing a
frequency variation. Strictly speaking it is also ne- The steady state is given by dI/dt - 0 and if
cessary to take into account the changes in the crys- the resonator is driven by a signal with a frequency
tal size and specific mass. The heat brought by the such as 0 = 0 equation (6) becomes
internal thermal sources diffuses with a time cons-
tant T h

2 
P C A- = k 12 (7)

W2 Xwhich can be used to determine the value of k.

where h is the crystal thickness, p the specific mass, Equations (6) are solved using a computer. The

CS the specific heat at constant strain and A22 the phase response T(t) is represented on figure 3a for

diffusion constant. The constant given by the rela- a 5.6 MHz AT cut fifth overtone resonator with a Q

tion (1) corresponds to the case where the crystal factor equal to 0.85 x 106. The other parameter values

surface is in contact with a large heat reservoir at are LO - 4 H, R10 ' 165 f , k = 0.25 A-2and R - 50 11.

uniform and constant temperature. The value of T isof the order of 0.3 s. (h - 1.5 mm). Each curve corresponds to the transient rate fol-
lowing a step of the driving signal represented by the

In the measurement of the A-F law a third effect averaged current of the steady state.

is to be considered which is the linear response of
the resonator to any amplitude variation. The energy It can be seen on the experimental curves of fi-

trapped in the resonator cannot change instantaneous- gure 3b that for this AT cut resonator the thermal ef-

ly and there is a time constant related with the fect does not appear. But for some other resonators
Q factor. thermal effects can become very important and give a

phase rotation with a large time constant as shown on

Corresponding to the schematic diagram of fig. 2 the experimental curves of figure 4. These curves cor-

the current i(t) through the crystal is given by respond to a doubly rotated resonator with cut angles

equation (2) : not adjusted at the right values.

d
2
i + Ri -e s+R di The sensitivity to internal heat sources was stu--t 

2
l sin t - (- ) - (2) died applying a laser beam at different points on the

dt
2  

surface of a lO MHz AT cut resonator
8 

and measuring

where wo is the crystal angular resonance frequency the corresponding frequency variations. Figure 5 shows

and w the driving source angular frequency. response curves for the beam applied at several points
along the x3 axis. The most sensitive parts are near

The transient rate relaxation constant is large the fixation points and this is due to reaction forces

compared to the oscillation period for resonators of the fixations. At this point the sensitivity is

with high Q factors and a solution can be choosen about 5 ppm/*C. At the plate center it becomes lower,

with the form given by relation (3) : approximately I ppm/*C.

i - 1(t) cos (Wt + f(t)) - 1(t) cos ((t)) (3) Aplitude frequency effect

where I(t) and 0(t), respectively the current ampli- versus crystal orientation
tude and the phase difference between the current and
the driving signal e - Eo cos wt are slow rTariable The frequency variation as a function of the dri-
functions of time. A supplementary relation is intro- ving current through the resonator was measured using
duced : the measurement set presented on figure 6.

dl7- cos p - I sin 0 (4) A frequency synthesizer with a local interpola-
tion oscillator drives the crystal which is in a

The non linear behavior of the resonator is in- transmission circuit. The synthesizer can be locked
cluded in the motional parameters LI, C, and RI. at the resonator resonance frequency using a phase

loop. An attenuator enables to drive the crystal at
(I + different levels, and measuring for each of these ie-

= 
2 
+ vels the corresponding frequency, the A-F curve can be

C,= Cl0 (1 + a 12 + .. ) (5) obtained directly. On the other hand by sweeping the

Rl . R (I + Y 12 + . source frequency with a low frequency generator the
0 1resonator amplitude and phase resonance curves are

plotted.
The parallel capacitor variations are negligible.

Using relations (5), (4) and (3) into (2) and taking The samples under test were either crystal blanks
the average over aperiod one obtains the mean ampli- put between two auxiliary electrodes with an air gap,
tude I and phase 0 or resonators plated and mounted inside a metal enclo-

sure. Each blank was laped to give a plano-convex
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shape with a given curvature radius between 500 nan This A-F effect follows a quadratic law as a func-
and 150 mm. In the case of the air gap the same cur- tion of current, which is given by equation (7). The
vature was given to the upper electrode. caracteristic coefficient k is calculated from the lo-

cus of the resonance curve maximum.
The measurements were performed as a function of

the rotation angle from 0* to 250. The corresponding Figure 12 shows these amplitude resonance curves
angle 

a 
was adjusted in order to minimize the thermal for resonators vibrating on their 3rd overtone in the

effects. The resonance frequencies were in the range case of AT cut and cuts with Y = 19* and f = 240, with
between 3 MHz and 6 MHz. curvature radius equal to 300 nm. Figures 13 and 14

present the same resonance curves in the case of the
On figure 7 are shown the variation of the 5th overtone for AT cut and Y = 100, f = 200 and

Amplitude-Frequency effect of thickness shear 3rd f = 24, using the same curvature radius of 300 mm.
overtone resonators as a function of f for two values The correspond values of the A-F coefficient are given
of the curvature radius r - 200 mm and r - 300 mm. in table I.
The A-F effect which is given on these curves is de-
fined as the relative difference 6 between the reso-
nance frequency value measured for a driving current curvature radius A-F coefficient crystallographic
I of 2 mA and the value obtained by extrapolation for -2
I going to zero. The A-F effect is decreasing and a r 300 mm k (mA cut

lower value is obtained for Y near 240 and 250. 0.2 x 10
-

0 AT

Figure 8 shows the same results as a function of 3rd overtone 0.045 x 10
-
6 - 19

°

the curvature radius r for I 
= 

180 19, 200 and 21'. 0.02 o l0
-  P = 24

For the small radius (r - 150 mm) the A-F effects are

still function of the crystal orientation, but for -6
400 mm the effect is becoming very low and keeps 0.2 x 10

-6  
AT

about the same value for the four orientations. 0.11 X lo
-  

- IO*

On figure 9 are presented the results of measu- 5th overtone 0.05 x 10-
6  20'

rements corresponding to resonators vibrating on the 0.02 X 10
-6  

f - 240
5th overtone. In this case the experimental data are

more dispersed than for the 3rd overtone, and are not table I
so reproductible, mainly when using the air gap. Ne-
vertheless for curvature radius between 300 and 500mm Figure 15 shows the resonance curves of a reso-
all the points are located inside a strip (represen- nator, with a curvature radius equal to 400 mm and
ted on the figure) which is following the same law as f - 200, which has for the 3rd overtone an A-F coef-
for the previous curves. For r = 200 and 50 rmp the ficient k equal to 0.004 x 10

-
6 mA

- 2 
and for the 5th

frequency change is more important but defining a overtone a coefficient of 0.02 x i -
6 mA

-2
. These two

precise law would need more experimental data points. last results are those presenting the lowest A-F ef-
fect among the resonators which were studied. For the

Figure 10 also shows the A-F effect as a func- 3rd overtone k is 50 times lower as for the correspon-
tion of the curvature radius forf = 18, 19', 20- ding AT cut.
and 210. The general variation law is almost the same
one. Conclusion

These results depict the general behavior of the These measurements show it is possible, by the
A-F effect and show the influence of the crystal choice of appropriated doubly rotated cut and vibra-
orientation. However the curvature radius of piano- tion mode, to decrease by an important factor the
convex plates strongly contribute to the behavior by A-F effect. However the curvature radius of the plano-
building up the trapping of the energy at the plate convex plate by energy trapping has a large influence
center. To compare the A-F behavior of crystals with on the value of the A-F coefficient k and therefore
different orientations it is necessary to use all the it is necessary to use a large curvature radius to
time the same level of driving power. A value of cur- minimize the non linearities. But trapped energy re-
rent of 2 mA was used as reference. This will corres- sonators also need a small curvature radius to obtain
pond to an excitation at constant power if the reso- high 0 factors. It is therefore necessary to choose a
nators keep, whatever orientation is, the same motio- compromise between low A-F behavior and high Q factor.
nal elements. In fact these elements change, and par-
ticularly the motional capacitor and the motional in- Resonators with low non linear effects will ena-
ductor. Figure II shows the variation of the inductor ble to make oscillators with better spectral purity,
Ll as a function of t. This curve is deducted from by increasing the oscillation level and therefore the
the results presented by Ballatol and depicts the in- signal over noise ratio. But also these oscillators
crease of L] for a doubly rotated cut at constant will have a better long term stability by decreasing
frequency with respect to the corresponding inductor the influence of slow variations of the driving power.
of a AT cut. It becomes necessary to take this varia-
tion into account if the resonator is not driven exac-
tly at its resonance frequency. Bibliography
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TEPERATURE INDUCED FREQwCy CHANGES IN EIECTRODED
AT-CUT QUARTZ TICIMSS-SHEAR RESONATORS

H.r. Tiersten and B.K. Sinha
Department of Mechanical Engineering,
Aeronautical Engineering & Mechanics

Rensselaer Polytechnic Institute
Troy, New York 12181

Abstract where uL and w are the unperturbed and perturbed eigen-
frequencies, respectively, and

A perturbation analysis of the general linear (.

electroelastic equations for small dynamic fields H N e 
1  - k L + u LM- d"L] dS

superposed on a static bias has been performed. The P I LL.YY Ly L L

bias may be either electrical or mechanical or both. -n n
The equation for the first perturbation of the eigen- + * yL +J] L( , dr, (2.2)
value obtained in that analysis forms an important part V
of this analysis. In this work a system of approximate
equations for the determination of thermal stresses in in which S is a surface enclosing a volume V. In (2.2)
piezoelectric plates with thin films of a different ma- NL denotes the unit normal to the undeformed surface at
terial plated on the surfaces is derived. The plate the reference temperature, u, denotes the mechanical
equations are obtained by making a suitable expansion displacement vector and c denotes the electric potential.
of the pertinent variables in the thickness coordinate, The linear stress Y and electric displacement vector
inserting the expansion in the appropriate variational YD are given by the usual linear piezoelectric consti-
principle and integrating with respect to the thickness tutive relations
in the manner of Mindlin. Conditions resulting in both -9
extensional and flexural stresses are considered. The =L U + M L',
particular case of purely extensional thermal stresses M'
resulting from electrodes of equal thickness plated on (2e3u
the major surfaces of a rotated Y-cut quartz plate of L = eLNU,M- CLMY,M (2.3)
uniform thickness is treated in detail. The attendant
thermal biasing stresses and strains produce a change and as usual satisfy
in resonant frequency when substituted in the aforemen-
tioned equation for the first perturbation of theK L . =0. (2.4)
eigenvalue due to a bias. Calculations are performed WI, Y L, L

for gold strip electrodes running in various directions The nonlinear contributions to the Piola-Kirchhoff
on AT-cut quartz plates. stress tensor 14y and reference electric displacement

vector X take the respective forms'
1. Introduction

c u +^e

A perturbation analysis of the linear electro- N LNMO o, M eyL , M

elastic equations for small fields superposed on a bias u (2.5)
has been performed . The change in resonant frequency L LY Y, M 'LMF, M
due to any bias such as, e.g., a residual stress may
readily be obtained from the resulting equation for the where cLyMC, e YL and ZL. are effective material con-
first perturbation of the eigenvalue if the bias is stants that depend on the biasing state' . Clearly, the
known. The use of this perturbation equation has al- total dynamic Piola-Kirchhoff stress tensor and refer-
ready been shown to be extremely accurate in the deter- ence electric displacement vector are given by
mination of changes in the surface wave velocity of = n Y n 2.6)
crystals due to flexural biasing stresses

e 
. K1 = + L L

In this paper a system of approximate plate equa- The vector g denotes the normalized mechanical dis-
tions for the determination of thermal stresses in thin placement for the )ith unperturbed mode and i denotes the
piezoelectric plates coated with much thinner films is normalized electric potential for the ,th mode. i.e.
derived in the manner of Mindlin 

-
. The resulting ap- uiK

proximate equations simplify the treatment of many V-" f= - (2.7)

thermal stress problems considerably, and the three- V ' -N

dimensional detail not included in the approximate de-
scription is not deemed to be important for our pur-
poses. Both extensional and flexural equations are ob-
tained. The case of purely extensional thermal stresses 2 uu dV.(
arising from identical electrodes on a rotated Y-cut N. = ,
quartz plate is treated in detail and the resulting V

change in resonant frequency is calculated from the
equation for the first perturbation of the eigenvalue. The normalized stress tensor kW7 and electric displace-

calculations are performed for gold strip electrodes ment vector dt, bot/i for the normalized ,th mode. are

running in different directions on large flat AT-cut given by the linear piezoelectric constitutive relations

quartz plates. (2.3) when uy and "y are replaced by q and !. respect-
ively, The upper cycle notation for many dynamic

2. Perturbation Equations variables and the capital latin and lower case greek in-
dex notation is being employed for consistency with

The equation for the first perturbation of the Ref.l, as is the remainder of the notation in this soe-

eigenvalue obtained from the perturbation analysis tion.

mentioned in the Introduction may be written in the form When the electrical and electroelastic nonlineari-
- H,/2w , W W P P (2.1) ties are ignored we have ,. = 0, e . and
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1" where
c -T 8 +c 2 +C -w +C w ('
2LYMr L Ya 3LNHA AD 2LVM CrK 2L f 4 (0)' 2 S )- , .

. B  - 2h Yj )S -2h ' O,(3.10)

(2.9) and since the platings are isotropic in the plane
L M c 1 N 1 1 K, , oA 8

,
8 DE1 W - (w.+w,) (2.10) 1 -XoL8 8 +p,(

and wK denotes the static biasing displacement field. X 0 /(. +2p') , (2tf(3X' +
Thus, in this description the present position X is re-
lated to the reference position X by + 2P')/(L' + 2p.)]1o'AB (3.11)

(X L, t) - X + W(XL) + U(XL, t) . (2.11) which are for the upper plating and similar equations
hold for the bottcm plating, but with double primes re-

It has been showne that for the cases of interest placing the primes. In order to obtain the static equa-
here, (2.2) may be replaced by the considerably tions for the plated crystal plate we need the boundary
simpler form conditions at all interfaces. The traction conditions

take the form
- .,,,/.d--d. (2.12) , = ,H.LNMPa H L dV. (2.12)7.(h') -0 , "(-h') - 0,

T. (-h')- T23(h) , T'(h')- T23(-h) , (3.12)

3. Static Plate Equations
and the conditions of continuity of mechanical dis-

A schematic diagram of the plated crystal plate is placement take the form
shown in Fig.1 along with the associated coordinate
system. Referred to this coordinate system the static w(O) w(0) +hw(1) .h2 (2)
form of Mindlin's plate equations may be written3  I I I Ihw

(n) (n-1) (n) w(0)" w(0) (1) 2 (2)T n j =1 =w -h +h wI (.)
AJA -2J + = O0 n-0,1,2 (3.1) 1 1 I . (3.13)

where A, B, C, D take the values 1 and 3 and skip 2 and At this point in order to simplify the treatment
somewhat, we ignore the elastic constants that cause

(n) (n) T h coupling between shear and extension in the constitutive
IJ = X2JX F XTJTIjJ= - . (3.2) equations9 . In obtaining the extensional equations we

-H first allow for the free thickness strain by making the
assumptionsl o

The linear thermoelastic constitutive equations for the (0) (1) 0 _(2) 0 (3.14)
mth order stress resultants for homogeneous temperature T2 2  TA 0, T2A 2 2
excursions e take the form

2 the second of which is required for consistency by
(m) / (n) _ d(m)vij (3.3) virtue of (3.1). Employing (3.14) in the reduced formn=0 L - J' of (3.3) in the usual mannera, we obtain the extensional

constitutive equations in the form

where we have taken the liberty of dropping the lower 3 (00
script 2 on the cIJKt., the vjJ denote the thermoelastic T(0 2h ~c* S()+* (0)] 2 3 (2)
constants and 1111 1333 3 h 11

(m~nCl (153]) 2hv 1e,H =2h (m+n+l)/(m+n+l) m+n even 13 S 33mn _(0) 2hc. (O . (0). 3 1(2)

m+n odd, (3.4) T3 3  2h[c 13 1  + 3 3 S3  + 3 [c,1351

d(m) =2h l/(m +i) m even S3 (2) -

0 m odd. (3.5) (2) 2 3 * (0) * (0) 2 5.* (2)
11 = h (clS +c 1 3 S3 3  + g h cllSll +

The nth order plate strains take the usual form * (2) 2
C3333 ) h3l

Sn) 1 (n) w(n) + (n+1) (6 (n+l) + (n+l) 05 h
2KM 2 L L, *L (0 2 5 * _(2)

S~=~[wKLwLK+n~l)8
2Lw +h w (2) = h (0 + 353 1 'c S 31(3.6) "3 3  C13511 33 33c 13 +

where 2 c* (2) 2 h.3 %v3
3333 I- 3*0

n (n) 3 3

wK = X2WK (3.7) _(0) = 2hc[ (0) h
2 

(2)]
n=0 T1 I3 h L + 3 S13

The thermoelastic constants vl J are related to the coef- T (2 h
3
c i (0) h (2) 13

ficients of linear expansion OeKL by the usual relation where 1 3 2 2

V1J ' C1JK t.x. . (3.8) 0* =011 C12 * C 12 23 * C 320l l 22 c1 1 22 022

The static form of Mindlin's simplified exten-

sional equations for the very thin electrode platings * - /
may be written 1. 11" V2 2 1 2 / 2 2  V3 3 = v -" 2 2 c 3 2 /c 2 2 " (3.16)6 (0)' _(0), (0)l h

JBAUTA + FJ F T2J -h' , (3.9)
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From (3.1), with (3.14)1.2, we obtain the second order equations in the form
extensional equations (1) 2 3 (1) (1) (i 2 3 (1)Ti) 3 -l. (1) ]* .(3 (1 3 55I)

(0) 0) = T_
2
) F 

2
) = 0 T (3.17) h [lSI1 4 *3 , T13 =-h c 55S13

TAB, A + B ' AB,A FB "

(1) 2 h3 [ c (1) + (i)

In this approximation from (3.6) the pertinent plate '133 = h [c13ii + 33S33 J, (3.26

strains SAn 
) 
(n - 0, 2) take the form

(n) (n) (n) (n) (n) 1 (n) I) where c~j, c2'3 and c13 are given in (3.16). From (3.b)

11 , ' 37 "3,3 S13  T (w1  + w ,) and (3.25) we find that the pertinent plate strains
take the form

(3.18) S(1) 1 (1) w(1)) (0)
AB WA,B + B,A 2,AB

When written out the constitutie equations, (3.10) for
the upper electrode plating take the form From (3.1), with (

3
.
24

)1, we obtain the usual flexural

T(0)' + 2 ,(0), ,(0) ecqaations

=2h + o w3, 3 -2h'v T (0) + (0) 0 () T(0) rF(1) = , (3.20)
(' (2,B F2 ' AB.A- 2B B 3-(0 

I  
[(k l (0), ., (0),. B2 2h /

T33  02h 3,3 o 1 1
(0)' + (0) where we have taken proper account of the fact that the

3 (, (3.19) thickness-shear stress resultants T 
c  

exist even though
13 I h w wthe associated thickness-shear plate strains S,

(  
van-

and similar equations exist for the lower electrode ish. The substitution of (3.28)2 into (3.28), yields

plating, but with primes replaced by double primes. (1) (1) (0) (3.29)

In the case of these extensional equations the dis- TAB,AB  FBB F 2  ,
placements w(

°)
)' and wA

(° )
", in the upper and lower

electrode platings, respectively, are given by which is the equation of the flexure of thin plates.

2 (s (0)h"W(02 ) 2(2 The equation of flexure for the plated crystal plate is
w+hw , w =w 

) 
+hw2

) . (3.20) obtained by employing (3.12) in (3.9) for both the

upper and lower platings and then inserting (3.9) for
The equations for the plated crystal plate are obtained both platings in (3.2)2, with the result
by employing (3.12) in (3.9) for both the upper and
lower platings and then inserting (3.9) for both plat- F (0) = 0 F(1) = h[(0) ( (3.30)

ings in (3.2)2,with the result 2 ' B TAB,A TABA

T(0) 1 (T F =h T +T 1 3) In this case of flexure the displacements wV
0
) ' and

F' = AB,A TABA' B BA A, , in the upper and lower electrode platings, re-
spectively, are given by

The substitution of (3.21) into (3.17) yields
11w =hw -hw w =-hh() 0, W =hw(0

(0) (0)' (0)" (2) 2 (0)' B B w2,B' wB hB w2, .
TT + h (T" (3.31)VAB +AB +AB ]A=

0
' (TAB +h.31+

(0)"
AB , 0 (3.22) The substitution of (3.30) into (3.29) yieldsA B )]A '

e(1) (
0

) (0)"(
which are the second order extensional equations of (TAB +h. AB AB )],AB = 0(3.32)
equilibrium of the plated crystal plate. Clearly on an
edge of the plated crystal plate, the traction boundary which is the equation of static flexure for the plated

conditions that accompany (3.22) are'
°  

crystal plate. The edge conditions for the plated

T +T (0)' -(0)0)plate are the same as in the elementary theory of flex-

N[(0) 0)B + (0)" -(0) ure of thin plates when the moments are given by the
AAB + B +T" IM TB quantities in brackets in (3.32).

.(0) 2 (0)' (0) . -(2)
NA[T + h (T" +T )] = TB  (3.23) 4. Strip Electrodes on AT-Cut Quartz plates

where the TV') represent ai.plied traction resultants on In this section we apply the equations presented
the ed e. The alternative diiolacement conditions are in the last two sections to the case of identical strip

on 4 and w(). electrodes running in an arbitrary direction on an AT-
cut quartz plate. A schematic diagram of the clec-

S ince the upper and lower electrodes can have dif- troded plate is shown in Fig. 2. The XI-coordinate axis

ferent thicknesses 2h' and 2h", flexure can occur even shown in the figure makes an angle Y with the digonal
though the temperature change e is homogeneous. In ob- axis. Since the plate is not constrained on the free

taining the flexural equations we first allow for the edges normal to the 5-axis, we introduce the condi-
free thickness-strain by making the assumptions

10  tions
9 
'1013

(2 ) 2(0 ) = o (0 ) .0 (2 o
T - 0 T 0 (3.24) 0333 T 0 I3
22 ' 2A ( 33  13 13

the second of which is required for consistency by vir- which permit free-expansion in the X-directioi. Fror
tue of (3.1). In addition, as usual in the elementary (3.15), with (4.1), we obtain the non-trivial consti-

theory of flexure we take the thickness-shear plate tutive equations

strains (0) to vanish
1 2

, which with (3.6) yieldsSi~ ~ ~ ~ A^ovns h 110 2 .3j jg_(2) - 2h_,lj,

w(1) ( 0) (3.25)
A 2; A =(2) 2 h

3
'Z 

0 
) 2 5, ... (2) 2 h 1

Employing (3.24) in the reduced form of (3.3) in the

usual manner
0
, we obtain the flexural constitutive
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2 ^**^ ^ For the nth harmonic thickness-shear mode1
4 

it is well
13 33c13 (43) known that to a very hi.gh degree of accuracylo we have

cn33 c33 n n nn,66
U = sin - X e , w =, (4.13)
ln 2h 2 wn 2hvp'

Similarly, introducing the conditions where

(0)' = 0, (0) = 0, 4.-2
33 T1 3  =(4.4) c66 m c66 e 26 A 2 2 " (4.14)

in the electrode plating, from (3.10) and (3.11) we From (4.13)land (2.8) we have
obtain

(0) ' -11 E' (0) 2h'o'E'e, (4.5) = ph, (4.15)11 11 = 
ph(4.().25

where E' is Young's modulus for the electrode material.
Under these circumstances the non-trivial differential which with (2.7),and (4.13)1yields
equations (3.22) take the form iW t(0 () (2 2(0gln (1/ph) (sin nnX2/2h]e n, n=l,3,5, ... . (4.16)

^(0) + 2,(0) '1 1 = 0  ^ [(2) ,. 2^(0) (.6

1 1Substituting from (4.10) ,with (4.11), into (2.9) and
(2.10) and then from (2.9) and (4.16) into (2.12) and

in the electroded region. Since all stress resultants performing the integration with respect to thickness
I

vanish in the unelectroded region, from the boundary we obtain
conditions (3.23) we have

1 [2 ^(0)
._(0) -_(0), - (2) 2_(0) Hn= c66 

+ c 166  
+c 366  1, 1

T 21 1 +2T1 1  =0, TI + 2 0 at L1 =  2 66 (4. 7) 1 sn
^(I) +c1)cos

2  
2 (0)' n -

and (4.6) is satisfied if (4.7) holds for all < . 1262 66 c+366 3,3/ 4h
2

Substituting from (4.2) and (3.18) into (4.7), we obtain ( . 2 2 ^(2) + 3 (3)

(2) _ (0)2.0662) (2166 + c366 cos W, 1 266 w2a w1i) +a Wl A al2Wl 0 +a w = ( 6 n6
1111 121 , 1 12 1,1 22 1,1 +c (4.8)s 2 s~c in 

2 
Y] (2) 1 n2T

where(4.8) +[(
2c66 +c 166)cos Y+c 366  3) 3  -1

a h8** + 2h El, =2h 3c + 2h'E' (4.17)
11 11 12 L3 11 .

Sh IE, A(0) = **
22  c + h E 1 1  The change in frequency with temperature due to identi-

- cal strip electrodes of thickness 2h' plated on large

A(2) 2h l+ 2h'O'E . (4.9) flat AT-cut quartz plates may now be calculated from
(4.17) and (4.12) for strips making an angle y with
respect to the digonal axis. The calculation is re-

Equations (4.8) constitute two linear inhomogeneous stricted to AT-cut quartz plates because the change in
equations in - and which may readily be solved the elastic constants with temperature has not been in-
for a given temperature change 9. In order to calcu- cluded in the analysis and presumably the change in
late the change in frequency from this solution of the frequency due to the change in constants with tempera-
approximate plate equations, we must have the associ- ture is exactly compensated by the change in frequency
ated three-dimensional displacement field wr, which to due to changes in strain with temperature for the un-
the order of approximation employed takes the form electroded AT-cut quartz plate. Consequently, for the

, ( 3) AT-cut quartz plate with strip electrodes, the change

A= +X2WA w2 X2w +X2w (4.10) in frequency with temperature due to identical elec-trodes of thickness 2h' is obtained by subtracting the
where 4O) and are determined from the solution change in frequency obtained from (4.17) and (4.12)
of (4.8) and for h'=0 from that obtained using the known value of

^ (0) ^2h'. Since certain anisotropic constants, which we
(0) 13 (0) 33 (2) c13 (2) deem to be relatively unimportant, have been ignored

3,3 -- 1 - 3,3 . Wl,1 in this treatmente
-  

, there is a small dependence in
c33 " 33 33 the change in frequency on the angle Y for the case
^012 ^ 2 3~ ^.' ^ * h'= 0, which in reality cannot exist. However, since

^(i) - 12 23c3 (0) + j - c23 33] , this same unwarranted anisotropic effect, which is a

2 L c 2  i, cresult of the analytical procedure, exists in the case
22 c22c33 22 22c33 of the actual electrode thickness 2h' also and the two

calculations are subtracted to obtain the result, this

(3) 1 _c21 _23 137 (2) (4.11) small unwarranted anisotropy in the calculation is in-2 =- . . ~ 41) significant
I° 

insofar as the end results are concerned.

22 c22c33 Calculations have been ?erformed using the known third
order elastic constants F for the case of 4000 A thick
gold strip electrodes on a fifth overtone 5 MHz AT-cut

The change in eigenfrequency for an AT-cut quartz quartz plate as a function of the angle y between the
thickness-shear resonator due to strip electrodes may strip and the digonal axis and the results are plotted
now be obtained by substituting from (4.10), with (4.11), in Fig.3. The curve has the symmetry shown in the
into the pertinent equations in Sec.2. When specialized figure because the digonal axis (XI) is a two-fold
to the case of the nth harmonic of thickness-shear, rotation axis. In Fig.4 the calculated change in re-
Eqs. (2.1) may he rewritten in the form sonant frequency for gold strip electrodes running

=n Hn/2wn (L " "n - An (4.12) normal to the digonal direction (y-/2) is plotted as
a function of the thickness of the electrodes.
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The Influence of Support-Configuration on

the Acceleration Sensitivity of Quartz Resonator Plates

by

P, C, Y. Lee and Kuang4fing Wu

Department of Civil Engineering
Princeton Thiversity
Princeton, N.J. 08540

The changes in the thickness-shear resonance the diameter-to-thickness ratio of the plate, and

frequencies of a circular, rotated Y-cut of quartz the number of supports and their positions. This

plate subject to in-plane steady accelerations was functional relation may be expressed as follows.
found to be a function of the direction and
magnitude of the acceleration, the orientation of

the crystal cut, the diameter-to-thickness ratio of Al Af
the plate, and the numbers and positions of the fo "o - F(*,G'6,R/b'oi'n) (f)
metal ribbon supports at the edge of the crystal.

The purpose of the present study is to inves- where

tigate how the support-configuration will influence f thickness-shear and flexural resonance
the acceleration sensitivity of a resonator. An 0 frequency of the plate with no accel-
AT-cut circular quartz plate with four metal ribbon - eration,
supports is chosen for a systematic parametric
study. Lf frequency changes due to acceleration,

In order to examine the influence of the sup- QoA dimensionless frequency and its changes,
port-configurations on the frequency changes, the
support-configuration is changed from a reference * angle denoting the direction of the accel-
configuration by displacing, or instance, one eration with respect to the xl-axis,
support in increments of 15' counter-clockwise
while holding the other supports fixed. Fbr each G magnitude of the body force per unit
displaced configuration, the frequency changes due volume which is equivalent to the product

to acceleration are computed as a function of the of mass density of the crystal and the

acceleration direction. In the same manner, acceleration,

computations are performed for a total of seven
series of configuration variations. Then in each e orientation of the rotated Y-cut,
series, the particular support-configurations and
acceleration directions are identified as giving R/b diameter-to-thickness ratio,
maximum and zero acceleration effects.

mI ai angles denoting the positions of the sup-
Introduction ports, with respect to the x,-axis, and

I i - 1,2,..
In a previous paper , the changes in the

resonance frequencies of the coupled thickness-shear n total number of supports, which can be
and flexural vibrations of a circular, rotated any positive integer greater than two.
Y-cut of quartz subject to in-plane steady accel-
erations were studied by employing the equations Details of this problem, the analytical
of plate vibrations

2 
in which the initial fields formulation and its solution are given in Refer. 1.

of stress and strain and the nonlinear stress-strain
relations contributed by the third-order elastic Parametric Study
stiffnesses are taken into account. The changes in
the resonance frequencies due to accelerations It is seen from (1) that the frequency changes
were obtained by a perturbation method. The may be affected by a total of eight parameters for
predicted values were compared to the experimen- a rotated Y-cut platp with four supports. The
tally measured ones with good agreement, effect of each one of these parameters mav be

studied by computing, one by one, the frequency

It vas found that the changes in the changes vs. a range of values of a chosen parameter
thickness-shear resonance frequencies due to the while holding the values of the rest seven
initial accelerations of a circular plate supported parameters constant. Although the procedure is
by metal ribbons around the edge (See Fig. 1) straight forward, it shall require a tremendous
depend upon the direction and magnitude of.the amount of time In computation, and in presentati n
acceleration, the orientation of the crystal cut, and in interpretation of the results.
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In our present study of the effects of support- Results and Conclusions
configuration on the acceleration-sensitivity of
the resonators, we chose an At-cut plate of con- Calculations for frequency changes are made
stant diameter-to-thickness ratio and subject to an for a circular AT-cut quartz plate with one of the
in-plane acceleration of 15g. Therefore 0 = 35' 15', digona? axes of the crystal as the xl-axis of the
R/b - 8.88, and G = lg and (1) may now be reduced coordinate system. The diameter-to-thickness ratio
to, for n = 4 of the plate is chosen to be R/b = 8.88. The plate

is subject to an acceleration of 15g and supported
Af = o1 ,a (2) bv four nickel ribbons of length I - 6.35mm and

1" " rectangular cross-section (hi = 0.076mm, and
h2 = 1.270mm). The Young's modulus for Nickel is

where ai (I = 1,2,3,4) control the configuration of E = 4.82 x 109 dyne/cm
2
.

supports. At a chosen reference support-
configuration, the plate is supported by four metal Frequency changes are calculated as a function
ribbons which are 900 apart with two of them on of the acceleration direction for each configuration
the xI axis and the other two on the x3 axis. Hence variation. Results are presented as Af/Afmax vs.
we have al = 00, U2 = 900, 03 = 180', and _4 = 2700 t in Figs, 2-8 corresponding to configuration

for the reference configuration. variations of Series 1-VII, respectively. fmax-

chosen as the nondimensional factor for
For a systematic study, seven series of frequency changes, is the maximum frequency change

configuration variations are considered. They are in a given Series of configuration variations.
described as follows.

It is of interest to note that In each Af/
Series I: The support-configuration is varied Afax vs. 8 curve there exists points (directions of

from the reference configuration by displacing the acceleration) of relative maximum or minimum of
support originally on the x, axis in increment of frequency changes and points of zero frequency
15* counter-clockwise about th x2 axis while changes. In the neighborhood of the point of
holding the remaining three supports fixed. There- maximum frequency changes, Af is usually less
fore described in terms of oi. we have a2 - 90' sensitive to the changes in the acceleration
a3 = 180"' a4 = 2700 ,I = 0' + m x 150, m = 1,2,3... direction (i.e. d(Af/Afmax)/do is small), while in
(See Fig. 2). the vicinity of the point of zero frequency changes

the value of Af is quite sensitive to the changes

Series II: Similar to che Series I, except of acceleration directions. The point of
that it is the support originally on the -x3 axis maximum frequency changes and the point of zero
being displaced. Therefore 01 = 00, 02 = 90' frequency changes are usually spaced approximatelybein diplaed. herfor al % a = 0',90' apart from each other.

03 = 1800, a4 = 2700 + m x 150, m = 1,2,3... (See

Fig. 3). The effect of support-configuration variations
on the frequency changes can be seen by inspecting

Series III: 0l = 00, a3 = 180', a sequence of Af/Afmax vs. 0 curves in a given
Series. For instance, it may be seen in Fig. 2 for

a2 = 50 + m x 150, a4 = -a2, m = 0,1,2,... the configuration variations of Series I that the

(See Fig. 4). maximum frequency changes occur at aI = 60
'
, and

for acceleration directions 0 = 102*
, 

282'. and

Series IV: a2 =900 a4 = 270', the directions for zero frequency changes occur at
= 21', 201'.

265'-m x 15, a3 = 2750 + m x 15, m = 1,2,....

(See Fig. 5). In Series I, II, VII (Fig. 2,3 and 8,
respectively) the locations of the points of

Series V: al = 00, 14 = 270' maximum and zero frequency changes are effected by
the changes of support-configuration. In Series

a2 = 127 - m x 30', 03 = 143' + m x 30', m = 0,1,2, III and IV (Figs. 4 and 5, respectively).

3...(See Fig. 6). directions of acceleration for maximum and zero
frequency changes are independent of configuration

Series VI: a3 = 180', a4 = 270, changes, however the magnitude of the frkquencv

1I = 35' - m x 30', a2 = 55' + m x 30', m = 0,1,2,3...

(See Fig. 7). Although only seven Series of simple support-
configuration variations are considered, however

Series IIV: a3 = 180, a4 - 270', through the present parametric study one is able
to see how the frequency changes due to the in-plane

01 15' + m x 30', a2 - al + 90", m = 0,1,2,3... accelerations are influenced by the configuration

Fig. 8). variations.

The changes in the resonance frequencies are
computed as a function of the acceleration direction
* for each variation of the support-configuration
of the seven Series described above.
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Xl AND X3 FLEXURE, FACE-SHEAR, EXTENSION, THICKNESS-

SHEAR, AND THICKNESS-TWIST MODES IN

RECTANGULAR ROTATED Y-CUT QUARTZ PLATES

Thrygve R. Meeker
Bell Telephone Laboratories, Incorporated

Allentown, Pennsylvania

Summay equations to reduce the computational complexity of a
complete solution. These simplifications usually

Simple transformations of variables that convert amount to setting various small constants or terms in

the characteristic matrix of the set of fully-coupled the equations to zero to decouple two or three of the

two dimensional differential equations for a rotated modes and then solving the resulting equations.

Y-cut quartz plate to a symmetric matrix are presented.
The advantage of using this transformation is that Three of the studies mentioned above are particu-

efficient algorithms for obtaining the eigenvalues and larly relevant to the purpose of the present paper.

eigenfunctions of such a system of equations are well- indlin's two dimensional equations for the aniso-

known. Scientific subroutine packages for large com- tropic crystal plate with rotatory inertia and trans-

puting machines usually implement one or more of these verse shear !,-formation were reduced to the specific

algorithms. Material constants presented previously case of rotated Y-cut quartz by Mindlin and Spencer
5
.

and the proposed transformation are used to calculate These general equations were then simplified by remov-

roots for the fully-coupled dispersion relations. ing thi-kness-shear, dropping inertia from some of the
equations, letting the shear strain component '-

These dispersion relations allow C56 to have a approach zero while keeping a finite zeroth order

finite value and allow both X1 and X3 variation at the stress component 723(0), and setting several small

same time. In these dispersion relations flexure, material constants (413, Y33, and C56) equal to zero

face-shear, extension, thickness-shear, and thickness- in some equations. The resulting equations had flex-

twist in both X1 and X3 directions are all coupled ure and thickness-twist coupled torether, but these

together. In order to visualize the meaning of these two coupled modes were uncoupled from thickness-shear,

dispersion relations, simple approximate boundary con- extension, and face-shear. These flexure-twist eqaa-

ditions are used to determine the modes of a rectangu- tions were solved for a rectangular elastic plate wiJ;

lar rotated Y-cut quartz plate. A large number of stress free edges. Agreement with measured modes in

plate modes result from the different number of stress quartz resonators was quite good
5
. Lee

6 
has used sir.'-

half-wavelengths along each direction for each of the lar general equations to study coupled extensional,
five mode types. These modes may become unwanted flexural, and width shear modes in 5' X-cut quartz

resonances in rotated Y-cut quartz resonators. plates. Good agreement with experiment was found over
a wide frequency range. Lee and Spencer

7 
studied the

Introduction shear-flexure-twist vibrations of a partly electroded
rotated Y-cut quartz plate. Agreement with experiment

Unwanted resonances often limit the usefulness of was also very good.

crystal resonators. An oscillator circuit may lock on
one of the unwanted resonances at some temperature or These examples demonstrate the general ability of
drive level, producing erratic shifts in the output Mindlin's 1961 equations to predict the frequencies of

frequency. A weaker unwanted mode may extract energy vari is modes in quartz crystal plates. These and

from the wanted mode and the resulting drop in rescna- other published reports also suggest that substantial

tor Q may cause a loss of oscillation. A crystal fi- change. in the !'indlin equations can be made without

ter may transmit too much signal at the unwanted mode losing rool agreement between theory and experiment,

frequency in the filter stop band or the energy ex- Tiersten has reduced the general set :f piesselectric

tracted from the desired mode may cause undesired two dimensional equations to the case of rotated Y-cut

changes in the dependence of pass band transmission on quartzS.

frequency. Details n procedures for the numerical evalua-

The importance of understanding the complete fre- tion of these equations have not usually been re-

quency spectra of crystal resonators has resulted in ported. The present Taper discusses the numerical

many theoretical and experimental studies'. One of evaluation of the dispersion relation of Tiersten's

the more useful theoretical developments has been the equations for rotated ':-:-it quartz. :he electrical

reduction of the three dimensional differential equa- equations and piezoelectric terms are dr~pped. NI
tions of motion, constitutive relations, and boundary additional sinplifications are used. Although the

conditions for an elastic plate to a truncated set f resulting equations have the same form as the !:indlin-

two dimensional equations
2
,
3
. Similar two dimensional Spencer equati-ns, the elasti: constants ao slirhtly

equations have been derived for the piezoelectric different because electr le s iffeninr is focluded.

plate4. Both of these theoretical developments in- Dispersion reiations for X: iependeno, or Xi 4e~en:-

clude the effects of crystal anisotropy. Flexure, ence alone were reported by M'ndlin and Spencer 
. 

:r

face-shear, extension, thickness-twist, and thickness- the present paper, X -ani X3 denenderce are allowed

shear modes are all coupled together. Thickness- at the sane time. Some implications of this two

stretch is not included in these equations. The trtu- dimensionality will h1 discussed. Mindlin and Cpencer

cated two dimensional equations have been used in a suggest that the fuL1 se- of five equations do not

number of studies of wanted and unwanted modes in crys- have any solutions in :2 .i form.

tal plates. A review of all of these studies is beyc:id
the scope of this paper. Most of these studies report in the present paper approximate bounda.y condi-

various simplifications of the two dimensional tions which remove this limitation are presented. The
resulting frequency equation retains all of the
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appropriate material constants and all of the five dif- Equations 3 through 7 are five coupled second
ferential equations. Extension, flexure, face-shear, order differential equations in the three zeroth order
thickness-shear, and thickness-twist, with Xl and X3 and two first order displacement components of the
dependence at the same time, are all coupled together Mindlin theory

2
. The form of these five components is

in these results. Electrode elasticity and mass are shown in Figure 112. These components are the coef-
included. A comparison of experimental results with ficients of the expansion of the particular displace-
the predicted frequencies shows the same kind of agree- ment in a power series in X2, which is the thickness
ment as discussed above for other situations, direction of the plate. Although the displacement com-

ponents do not depend on X2, they may depend on Xl
Differential Equations of Motion and X3' as necessary to satisfy Equations 3 through 7

and the appropriate boundary conditions.
The developments reported in this paper begin

with the general two dimensional equations for rotated Arbitrary constants K4 and K6 are adjusted to
Y-cut quartz as given by Tiersten8

. The electrical make the thickness-shear and thickness-twist frequen-
equations and the electrical terms in the elastic cies of the infinitely extended plate equal to the
equations are dropped. Tiersten has shown how to in- exact frequencies of the three imensional plate.
clude the effects of electrode elasticity in the two These constants are K1 and K3 in Mindlin and Spencer's
dimensional constants

9
. Techniques for evaluating the notation. K6 (or K1 ) matches the thickness-twist fre-

zero order and first order two dimensional elastic con- quency and K4 (or K3 ) matches the thickness-shear fre-
stants for rotated Y-cut quartz plates have been de- quency. An approximate value of K6

2 
was given by

scribed before
0
. Electrode elasticity effects are Mindlin as w

2
/12 but it has become customary to solve

included by using Tiersten's Equation 14.32
11
. for the infinite plate frequency exactly and set K6 so

that the two dimensional frequency and the three dimen-
C C(i) + R [(XO6 ( 6 6 ) + sional frequency agree exactly for the infinite plate.
ijkl ijkl ib jb kd ld K4 is determined from K6 and the elastic constants of

11 (6 ic5d + 6 id Jckc61d)] (1) the plate, as

and = 
2  

{CE +.E E - E 2 E 2 1/2 5
K4 K 6 2 442 2 2 C4) + 4C2  (8)

Yabcd Y 6u 2C44
abcd + 3R [XO ab5cd + P(6ac bd +

6 6 (2) The CE in the numerator of Equation 8 are the rotated
adbc ',

three dimensonal elastic constants; the C44 in the
where Ao= 2P X/(X+2u) and R = 2 Plhl/ph denominator is the two dimensional elastic constant as

w 1 h stiffened by the electrode.

c(u) (u) are the zeroth order elastic constants Equations 3 through 7 have the same form asiJkl and Y are Mindlin and Spencer's Equations 4 and 55. The elastic

for the unelectroded plate. A and U are the Lam con- constants (Cij and yij) in the Tiersten equations used
stants for the isotropic electrode material. Pl and here are slightly different because electrode elastic-
hl are the density and thickness of each of the identi- ity effects are included. Electrode mass effects are
cal electrodes; p and h are the density and thickness included in both Tiersten and Mindlin-Spencer by
of the quartz; and 6 is the Kronecker delta, multiplying the density by 1 + R or 1 + 3R as indi-

cated.
The differential equations of motion then take

the following form:

(0) (0) (0) (1) (0) (0) (0) ( ) (0)Cjul,l +C 13 U3 ,t3 + K4 Ct4 (u2,3+ u3, 1) +C55 (u3,3+ U,33) + K6 C5 6 (u2,13+ul,3) = p (1 +R)U

(0) (0) (0) o (o) (0) (0) Mi) (0)
C13 ul,13 "+C33u3,33"+K4C3 4 (u2,33+u3,3)+C55(u3,11+u 1,13 )+KgC 5 6 (u2oI1+ul, 1 ) p (+R)U3

(0) (0) 2 (0) (1) (0) (0) 2 (0) (1) (0)
K4 Cl 4 u1 , 13 + K4 C 3 4 u 3 ,3 3 + K4 C4 4 (u 2 , 33 +u 3 , 3 ) + KgC 6 6(u 2 , +u 1 ,1 ) 2

(1) M) ,() ) . -2 (0) (0) 2 (0) (11.1 (1)
71 U 1, 11 +y 3u 3, 13 + 5 5 (u 3 , 13+u 1 ,3 3 )-3b LK6C56(u 3.+ul. 3 )+K 6 C6 6 (u2 , 1 +utJ p(1+3R)u 1

(1) U( 1) (0) (1 2 (O (0t2o)(k (1))55 (u3 , 11
+ Ul 3 )+7 1 3 ut, 13

+
Y 3 u3 , 3 3 -3b [K 4 (C 4 1 ,+C 3 4 u3 , 3 )+K 4 C4 4 (u ,3+u3U rp(I+3R) 53

36



Solutions to the Differential Equations of i4otion where Z = ul(0), u3(0), u2(0), ul(1 ) , and u3(1) and

A popular method
13 of solving the equations of ZO = u10, u30' u20' slO' and s30. Four solutions with

motion is to assume a standing wave solution of the different combinations of the trigonometric functions
form are possible. Only solutions with real k! and k3 will

be discussed in this paper. The assumed wave functions

sin k x sin k x are solutions of the differential equations of motion
Z 1 klX1 si k3x3  sin wt (9) for particular values of kj, k3 and w. The relation-cos kXI cos k ship among kj, k3 and w so that the wave functions are

c 1 1  co 3 solutions to the differential equations of motion is

called the dispersion relation. One of the four pos-
sible wave functions 3 is

(0)

u *0•  l cos k~x! cos k3 x3  sin wt =ut C1 C3 S !

U3 1  u3 0 sin ki x i sin k 3 X3  sin (wt = u3 0 StS

(0)U U 2 0 sin k, x, sin k3 X3  sin wt a u2 0S 1S3SA

(1)u I a S10oCOS k x1  sin k3 x 3  sin wt a sio C S 3 St

U3  a s30 Sin kj K COS k3X 3  sin WI S30SC 3 St

Equation 10 is a solution to the five differential
equations of motion (Equations 3 through 7) if

{[D] -, 2  [B] )[,]=[0] , (1)

where

(ciik0+c 5 kl) (-ci 3 k, k3-C55kjk3) (-K4c, 4k, k3 -K 6C56 kjk) (-SZ 3 b)(K~,k

D1 (C3 3 + CHOI) (K4C34kj + Kec6kf) (KSC56k ,43) (K0c303~I

[D] 03 D32 (KIC4  +K~ ) 2( 2

041 042 043 3R+421Rk 3R 4+j.K:c,) (; kjk 3+Y55ktk 3 )

D0.D2 D53 D54 (Y 5k + 73 3 k 4 19 4 44)

mijobij (1+$,J3R+8hj3R+8 3 jR+ 4 jRSfljR]
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and x3 direction. This approximation will be discussed in
more detail in a later section of this paper.

0 t After values of kI and k3 have been assigned, all

Ul the elements of D can be calculated. Equation 11

0 becomes an eigenvalue problem, in which the eigenvalues
U3  are simple functions of frequency. The symmetry of D,

[l 0 (14) generated by the two simple transformations in Equa-
U tion 15, guarantees real eigenvalues and frequencies.

4In addition, many computing machines have stored pro-

grams which solve for eigenvalues and eigenvectors of

_*30 symmetric real coefficient systems
14

.

Then [D) [(v = [] [(V], (18)

with Y*10 - sl0 and b)3 = 5 (15)
h 1n 30 

=
3 s30" where [A] is a diagonal matrix with real elements and

[Ov] has the same dimension as [D]. The diagonal
Using 010 and @30 as wave function component ampli- elements of (X] will be called A.. Each column of

tudes, rather than slo and s30, makes D symmetric. 3

Abbreviations used in this paper for the trigonometric [4v] is an eigenvector, associated with one of the

functions (SI, S3' CI , C3' and S t) are defined in Equa- diagonal elements of [A]. Each column of [Ov] has the

tion 10. For a given value of a and k1 (or 13) there same elements as 1[), but the element ratios are dif-
are five values of k3 (or kl) for which the five homog- ferent for each eigenvector. The particular algorithm

eneous equations (Equation 11) have a solution, with used here outputs the eigenvalues in order of decreas-

det (D - pa
2 
B) = 0. Each of the five solutions is ing value. Each eigenvector is associated with an

associated with a different set of ratios of the five eigenvalue and is normalized to unit amplitude.

components of the displacement. In the usual solution

sequence
13 

these five displacement solutions are line- 2
arly combined in a general wave function. This wave- Since { [D] - pa [B] } [,v] = [01 (19)

function and the boundary conditions are substituted
into the constitutive equations. For stress free or 2
strain free boundary conditions, the result is a set by Equation 11, Oa [B] = [A]. (20)

of homogeneous equations, often called the frequency
equations. The frequencies for which a solution exists Then A

are the resonant frequencies of the system. For x ThenI+= for j = i, 221
and x3 dependence the above process usually needs one

root search (on kj or k3) to solve the dispersion rela- 2 A'
tion and a second (on a) to solve the frequency equa- and Wi. = j = 3, 4, 5, (22)

tion.

The main purpose of the present paper is to dis- as long as thickness-shear and thickness-twist have the

cuss an approximation that makes both root searches highest frequencies. Equations 21 and 22 must be modi-

unnecessary. The resulting approximate solution has fied if this usual condition is not met. The eigen-

substantial advantages in computing time and cost, vector component values show the relative proportions

while providing considerable insight into the proper- of the five wavefunction amplitude components associ-

ties of many of the modes of the plate. In this ated with each eigenvalue. In general, the eigenvector

approximation the dispersion relation for the complete motions have all five amplitude components. Under some

problem is solved exactly by using a as a dependent conditions one component dominates.

variable instead of an independent variable. A wave-

number substitution converts the exact dispersion rela- The Wavenusber Approximation
tion into an approximate frequency equation. The

resulting frequency equation is solved exactly. For Setting a dimension equal to an integral number

this paper only the frequency equation is solved, of wavelengths to derive a frequency equation has been

Equation 11 is already in the proper form for the pre- used for a long time to obtain one dimensional approxi-

sent solution. mations to the frequency of vibrating systems. For
example, McSkimin

5 
discusses such an approximation.

In Equation 11 [D] is a function of elastic con- In the present approximation there are five wavelengths

stants and wavenumbers ki and k3. If an exact solu- in each of two directions instead of one wavelength in

tion for the dispersion relation with real wave- one direction. But the principle is the same. The

numbers is desired, real values of kI and k3 are sub- modes arising from the present approximation also dif-

stituted into [D). To convert Equation 11 into an fer slifhtly from the Lam4 type modes derived by

approximate frequency equation, kj and k3 are chosen Mindlin 
6 
because no restrictions on crystal orienta-

so that the plate width and length are each an inte- tion or dimensions are needed.

gral number of half wavelengths. Then, Substituting the displacement solution of Equation

10 into Tiersten's constitutive equations
17 

gives the
2s 2 n = (16) following:

~1T 2/n. n1,

and k 2_1.i 2 =T n ,where (17)
3 A3 2L/n 3 3L

n1 is the number of half wavelengths in the xj direc-

tion and n3 is the number of half wavelengths in the
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(0) r u

T11 2 b l- Cuk IuO+c13 k3 u3 + 4 c14 k3 u20
+ K4 Ce4 $3 0 S1 C3 S, (23)

23b 3  t + C33 k 3 u30 +K C34k3 u 2 0  S1C3 St (24)

T 2b[- c5 5 k3 uJ0 +C55 k! u3 0 +K 6 c56 kju2 0 +K 6 c56S10] CS (25)

T (0)2 b K k~u +K6 c5 6 kiu30+K 6 k u 0 + K1

T;0u2b[Z 2 K2  CSS,(26)
T2O, 2b[_K(4cf4kjuo +K4 c3 4 k3 u30 +Kic 4 4 k3 u20 +K4 C4 4 s oI S1CA

2 3 
0S 3S

-3 -+3 23 S32 S S3 StS(2)"s j b3 [ i ,1 1 so-rs .o~ SS.(

T13 [P 5 5 k3 s 0+y55 ki s3 0 ]CI C3 St (3)

where S1 = sin (klxj), C1 = cos (kjxl), S3 = sin The approximation of using Equations 16 and 17
(k3x 3 ), C3 = cos (k3x3 ), and St=sin wt. If the coor- then amounts to using mixed boundary conditions, i.e.,
dinate system of the plate is selected so that one cor- some Tij (n) = 0 and some u (n) = 0. Since most of
ner is at x, = 0 and x3 = 0, the definitions of Equa- the T (n) 0 on the appropriate plate edge, the
tion 16 and Equation 17 make S1 = 0 for xj W for all ij
integer values of ni and make S3 = 0 for x3 = 0 and resulting calculated frequencies should be close to
for X3 = L for all integer values of n3. observed frequencies, except at frequencies for which

strong coupling occurs at the plate boundaries. No
The approximations of Equations 16 and 17 then boundary coupling is present in the approximation.

amount to setting
Results

(0) (0) (0) (0) (1)TI1(0) T33 23  , , T1 3  , T , Although all of the results to be discussed here
ere presented in terms of resonant frequencies, the

(1) (o) (0) (1) plots are exact solutions for the dispersion rela-
and u3  all tions for the appropriate values of k, and k3. The

present approximation only affects how values of k!
and k3 are selected. If a more exact frequency equa-

equal to zero on x, = 0 and xj = W and to setting tion were desired, according to the usual method of
using linear combinations of solution vectors with the

(), T(), T ( )  same frequency, it would become necessary to perform
T13 0) T12 (0) T (0) T () 3 T 1) the two root searches mentioned earlier. It is notT13 '1 1 3 3 3

known whether it is more efficient to assign values of
3(0) u(0) kj and L in Equation 11 and then vary k3 for a zero in

U3  , u2  and ul(1 ) all equal to zero on the determinant of the coefficients of the homogeneous
equation, repeating the process for the desired number

X3 
= 
0 and x3 = L. The uniqueness theorem

18 
for this of values of kl, or to assign desired values of kj

problem only requires that one member from each of the and vary k3 for each value until the frequency equals I
following products be specified on the boundaries: the desired frequency.

In this section a few examples of results ob-(0) (0) TI3(0) u(0)' T (O) (0

TIu u 3 , 1 t(0) ained with the present approximation are discussed.
Figure 2 shows calculated resonant frequencies versus

(0) (0) (0) (0), (0) (0) the number (n3) of half wavelengths along the x3 ' or
T1 2  , T u2  T 3  , Z' direction of the AT quartz plate. The unelectroded I

plate has a thickness near .0002056 m., such that the

TI (1) (1) (1) (1), T (1) (1) thickness-twist frequency (F)for infinite lateral
T3 1  u1  3 dimensions (n, = 0, n3 = 0) is 8.0 mHz. Thickness-

shear (TS3), thickness-twist (TT3), extensional (E3 ),

and T3(1) u3 (1) face-shear (FS3 ) and flexural (F3 ) modes are shown.

These results are the same as those presented by
Mindlin and Spencer in their Figure 15. In Figure 2



the logarithm of the resonant frequency is plotted to One use of the present results is to identify
show some of the detail of the lower frequency contour unwanted resonances in thickness-shear or thickness-
modes on the same plot as the high frequency modes. twist resonators. Figure 5 shove the values of nj and
For the case of nj - 0 (or n3 - 0, not shown) the n3 for all modes that have calculated frequencies
eigenvectors each have one component, as marked on the between 7.9 and 8.1 mHz. The thickness-twist mode for
curves. Frequencies for up to 100 half wavelengths this plate is near 8.0 mHz. In this case there were
are shown. F3 , FS3, and E3 modes all have zero fre- 487 unwanted modes as indicated. n1 was varied between
quency for n3 = 0. According to Equation 17, n3 = 0 0 and 60 and n3 was varied between 0 and 125. All com-
results from L = -. TT 3 and TS 3 modes have cutoff binations of nI and n3 with n1 > 61 and n3 > 125 were
frequencies at L = -. outside of the indicated frequency range.

The fundamental frequency for each of the five Eigenvectors for five points on this curve are
mode types is the case for n1 = 1 and n 3 = 1, and the shown on the figure. The multicomponent character of
frequencies for n1 > 1, n3 > 1 are the inharmonic fre- these eigenvectors can be seen from this figure.
quencies of the modes. Points from 0,0 to 10,10 defnie inharmonic modes of

thickness-shear and thickness-twist. The other points
Because the modes do not usually have single con- define high order extension, face-shear, and flexure

ponent eigenvectors, as in Figure 2, it is better to modes. It is fortunate for the device application of
name the modes in order of decreasing frequency, as thickness-shear and thickness-twist modes that most of
F(3) (nj, n3 ). F(5) is usually a flexure, F(l) is the inharmonic shear and twist and the high order flex-
usually thickness-shear, and F(2) is usually thickness- ure, face-shear, and extensions are weakly excited.
twist. F(3) and F(4) are usuglly coupled fhce-shear Some implications of the twist inharmonics and high
and extension. These mode names are also shown in order flexure and face-shear are discussed by Pearman
Figure 2. As pointed out by Mindlin and Spencer, sin- and Rennick

19
.

ilar results hold for the cylindrical modes with xj
variation alone. Calculations such as those shown in Figure 5 have

important consequences to the further development of

Figure 3 shows what happens to the calculated the theory of modes in plates. The calculations in
frequencies if there are 10 half wavelengths along the Figure 5 suggest that modes with nI < 62 and n3 < 127
plate width (nI = 10). For this case, all five modes are the only ones with real wavenumber needed in an
have cutoff frequencies (finite frequencies at infinite eigenvector expansion. This information could make the
length). F(4) (10, n3) has a minimum frequency for n3  eigenvector expansion finite and therefore expressable
between 10 and 20. Figure 4 shows calculated frequen- as a closed form function. Further work may clarify
cies for some lower frequency modes on a linear fre- how to use results such as Figure 5 in more exact ap-
quency scale. In Figures 3 and 4 F(5) is mostly flex- proximations. In this case complex wavenunber values

ure (u2 (0)), but F(3) and F() are combinations of are also important.

face-shear and extension (Ul (0) and u3(0)). Table I shows how some mode frequency separations
calculated with the present approximation agree with

experimental results published by Heising
20
.

TABLE I

COMPARISON OF MODE SPACINGS
FOR AT QUARTZ PLATES

Mode Reference AF (KHz)

I Length 2B=.000208m Heising 125.0
Face EQ. 6.25

Shear L =.02032 m
W =.02032 m This F(4 ) (l,65)-F(4 ) (1,64)= 125.8

Paper

II Width 2b=.O010 m Heising F(38)-F(37) = 45.0
Flexure Fig. 6.14 F F

L =.0320 m (36) (35) 50.0
W =.0320 m This F(5 ) (38,1)-F (5) (37,1) = 48.5

Paper F(5 ) (36,1)-F(5 ) (37,1)= 48.6

The agreement between calculated and experimental
length face-shear and width flexural modes is good
enough to indicate the general usefulness of the pre-
sent work.
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for AT-cut quartz with piezoelectric terms and equa- Vibrations", Plenum Press, New York, 1969, Chapter 13,
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ness are solved exactly for the dispersion relation 5. R. D. Mindlin and W. J. Spencer, J. Acoust.
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DEPENDENCE OF RESONANT FREQUENCY
ON WAVE NUMBER DEPENDENCE OF RESONANT FREQUENCY

AT QUARTZ, W' 0106m,L',02032m,F 0 4 .OM~z,T25C, nt 0 ON WAVE NUMBER
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Figure 2 Figure 3
Dependence of Resonant Frequency on Wave Number. Dependence of Resonant Frequency on Wave Number.
AT Quartz, W -. 0106 m, L =.02032 mn, AT Quartz, W =.0106 mn, L =.02032 mn,
Fo 8.0 MHz, T - 25

0
C, n1  0 F 0 8.0 MHz, T =25

0C, n, 10
W is the plate width (x 1 direction), L is the plate

length (x 3  direction), Fo is the resonant frequency

of the thickness twist mode for infinite lateral

dimensions (n, = 0, n= 0), and T is the temperature

in degrees Centigrade.
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DEPENDENCE OF ni ON n3 FOR MODES WITH
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Dependence of Resonant Frequency on Wave Number. 10

AT Quarz, W .010 6 m, L= .02032 m, 0~1-j-l---~

F 0= 8.0 MHz, T = 25'C. Solid points are calculated 0 2 0 6 38 0 2 4

resonant frequencies.

Figure 5

Dependence of n, an n 3 for Modes with Resonant Frequencies

between 7.9 and 8.1 MHz

AT Quartz, W = .0106 m, L - .02032 m,

Fo = 8.0 MHz, T - 20'C.

The contribution of the five elementary displacement components

to the eigenvectors for five Modes are shown.
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Abstract using an incorrect equation which had been used earlier
by others

4
'

A previous treatment of overtone modes in trapped
energy resonators is extended to the case of plates The resulting inhomogeneous single scalar equation
with slowly varying thickness. The resulting single is applied in the analysis of the forced vibrations of
scalar equation is applied in the analysis of plano- a plano-convex contoured AT-cut quartz crystal resonator
convex contoured quartz crystal resonators. Both and a lumped parameter representation of the admittance
thickness-shear and thickness-twist modal directions is obtained. Calculations based on the analysis are in
are considered. The analysis holds for the fundamental excellent agreement with the results of experiments on
and anharmonic overtones of the fundamental and each contoured AT-cut quartz crystal resonators.
harmonic overtone thickness mode. The influence of
piezoelectric stiffening, electrode mass loading and 2. Basic Equations
electrical shorting is included in the analysis. Since
in a contoured resonator the influence of the contour- A schematic diagram of a plano-convex quartz crys-
ing on the trapping far exceeds the influence of the tal resonator is shown in Fig.l. Since the thickness h
electrode, the edge of the electrode is ignored in the is a slowly varying function of x, and x., it is approp-
determination of the mode shape and attendant resonant riate to first consider the solution for the electroded
frequency. Similarly, since the contouring causes the flat plate and then generalize it to be applicable to
mode to be highly trapped in the vicinity of the center the contoured plate with slowly varying thickness. Ac-
of the plate and, hence, not to extend to the edge, the cordingly, we first briefly reproduce the analysisl

' 
2of

boundary conditions at the edge of the quartz plate are the electroded flat plate. On the basis of the simpli-
ignored in the analysis. No adjustable parameters are fying assumptions of small piezoelectric coupling, the
required in the theory. Although the basic piezoelec- neglect of certain relatively small unimportant elastic
tric differential equation employed here is quite dif- constants and the fact that in the essentially thick-
ferent from the ones that have been employed in similar ness-shear modes of interest, the wavenumbers in both
applications heretofore, the analysis accounting for the the x1 - and xv -directions are much smaller than the
contouring has appeared in the literature. It is shown thickness wavenumber, it has been shown2 that to second
that calculations based on the analysis agree extremely order in small quantities the differential equations
well with experimental results obtained with contoured that remain to be satisfied take the form
AT-cut quartz crystal resonators.

1. Introduction cllUl, l + (c2 
+ c

66
) u

2,12 
+ c 6 6 u ,,

2 2 + c
,,

u
1

, 3 3 +

In a recent investigation 1,2 the three-dimensional 
22

equations of linear piezoelectricity, with the aid of (c6 6 +c 1 2 )u1 , 12 + c6 6 u2 , 11 + c 2 2 u2 , 22 ' Pu2
certain simplifying assumptions, were applied in the
analysis of rotated Y-cut quartz trapped energy reson- e 26 ul, 2 2 - 22P 220, (2.1)
ators with rectangular electrodes operating in over-
tones of coupled thickness-shear and thickness-twist and we note that the notation is defined in Ref.2. We
vibrations. In this paper the previous analysis is ex- further note that for the circumstances outlined it has
tended to the case of plates with slowly varying thick- been shown

2 
that %s is two orders of magnitude smaller

ness. The asymptotic dispersion relation for small than ul and, hence, negligible to the order of approx-
wavenumbers along the electroded flat plate obtained in imation being obtained. To the same order of approxima-
the recent analysis" 1of trapped energy resonators en- tion the pertinent constitutive equations take the form

2

ables us to construct the single scalar differential
equation of coupled thickness-shear and thickness- T 2 1 =c 6 6 (u 1 2 +u 2 ,)+e26p2P
twist,which holds for plates with slowly varying thick-
ness. The simplifying assumptions of small piezoelec- T = c u + c2u2, T = c,,u +c u
tric coupling, one-dimensional (thickness) dependence 22=121,1+22U2,2 1 1, 12U2,2'

of all electrical variables and the neglect of certain T c -e2 .
small unimportant elastic constants employed in the 31 55ul, 3 + e 25cp 2' D2 e2 6 u1 2 222

earlier 
2 analysis naturally are employed here also.

The influence of piezoelectric stiffening, electrode and the boundary conditions that remain to be satisfied

mass loading and electrical shorting is included none- on the electroded major surfaces of the flat plate take

theless. Since the influence of the contouring on the the form

trapping is much greater than the influence of the 2phU , ,.. iwt
electrode, the edge of the electrode is ignored in the T2 1 - , T2 2  2phu 2 , p- V/2)e
determination of the eigensolution. Since the mode is at x2 -T h, (2.3)
assumed to be highly trapped in the vicinity of the
center of the contoured plate, the boundary conditions
at the edge of the plate are ignored in the analysis, where p' is the mass density of the electrode plating.

The procedure for obtaining the uigensolution follows
that of Wilson3 , who treated the purely elastic case



It has been shown that in order to remove the in- thickness-twist vibrations is of the form
homogeneous driving term from the boundary condition a2u 2a 2a 2 tx
(2.3)3 and place it in the differential equation (2.1)i, Mn 1 1 n 7 V 2 e26Vx 2 iwt
we take in X2 +c 5 5 - 2 h2 c66 u Pu pu' c 2h

Ul1 + x 2 ei P u 2 =u 2 1 (2.13)

Vx2 iwt e26 X iwt where w is the driving frequency. Clearly, the homo--- e + -u +Cxe (2.4)22 2 geneous (V- 0) solutions for the flat plate are con-sistent with (2.11). It has been shown3 that when thewhere approximation holds and Eq. (2.13) may be employed, the

S (e2 6 / 2 2 ) ()/h. (2.5). approximate edge conditions to be satisfied at a junc--e 26 V/c 66 2hC.5). 221tion between an electroded and unelectroded region of
the plate are the continuity of

Then the substitution of (2.4) and (2.5) into (2.1) and
(2.3) yields

i1 and /Sn, (2.14)

c 1 1lG, 1 1 + (c1 2 
+ c6 6 )i 2 12 + 66U,22 +c 5 5 ui, 33 where n represents the normal to the junction.

2 iwt
Pu- PWx 2 e We now generalize Eq. (2.13) for the flat plate to

(c1  + c22 + =P be applicable to a contoured plate with slowly varying662,11 (2 66u1,12 +  2c22-2,22=  2 thickness simply by permitting h in (2.13) to be a
(2.6) slowly varying function of x, and x3 . In the case of a

plano-convex crystal with a spherical radius of curve-
c 22phu 1 atx 2 = h, ture R and maximum thickness 2h0 << R, we have3,ec66 u2 1 + 66ui12' (e 26/A22 h)Ul=:~ tx2 2 2

2h -2b 0 [1- (x +x 3 )/4h 0 1 (2.15)c22;2,2 +C12Is1=1 2p'h u 2 at x2 =*h, (2.7)

the substitution of which in (2.13) and expansion to
where first order in ;d + .4 yields

2 '2 C e A228)1 (xl +xs)
C6 6 

i  
6 e 6 /e22, (2.8) n 

2  c66  
1 2 3

S
+  c 5- -- 1 +

and (2.1)3 and (2.3)3 are satisfied by the forms n 1; 3  4h2  L 0
o

chosen. Equations (2.6) and (2.7) constitute a system r 2 e 26 Vx 2  iwt
of linear inhomogeneous differential equations with Pu1 

= p - e , (2.16)
homogeneous boundary conditions on the major surfaces c6 6 2h
of the electroded flat plate. It has been shown that
an asymptotic eigensolution for plate waves valid to which is the inhomogeneous differential equation for
second order in the small wavenumbers § and v along the coupled thickness-shear and thickness-twist vibrations
electroded flat plate can be written in the form of a plano-convex resonator.

= (1) sin (2) sin x2)Cos ixt cos e i1 t  3. Contoured Resonator
I I1 sin x 2 +8 in %x 2 )csx ou 3e

2" (.(1) coo 1lx2 +,(2) t! 2)sin cos ~t  
%be problem of a contoured resonatordriven into

2coupled thickness-shear and thickness-twist vibrations
(2.9) by the application of a driving voltage across the

where electrodes in the steady state may now be treated bywher6 er go(1) r B(2) finding the steady-state solution of (2.16),which re-

T, ' ) (2) 2  mains bounded and vanishes at infinity. We first seek222 ' 1 . ' the eigensolutions of the associated homogeneous problem,nql i.e., with V - 0. To this end we take the G -displace-c c )ment field in the form
r 1 2 + c 6  (2) (-1) 2 ( )1 2 +rc 2 2 ) E 1  ilt

r B -c 2 c2 2 (1l sin KTIh I I (xl, x 2, x 3 , t) - u (xl, x3 ) sin (nx2/2h)e (3.1)
066 _22 2

(2.10) the substitution of which in (2.16) yields
and the dispersion relation 2 2 22% 2 22n22 )2 ato 6 L1+ 1 3 u+ ,2u0222u 32u n c 6 - (x 1 C+x3 )-' 2Tv +2 CsV i 2  ~n 2- 5 L w

2 2 4h2 2
Mt+C+ - pm P''0, (2.11) nx 2 x 3s 20 

1  ~ i Cwnh 2 66 
(3.2)

which is valid to second order in and v must be satis- where 1 denotes the eigenfrequency. As a solution of
fied, and we employ the definitions (3.2) we take'

(rU6 6 -c 6 6 ) (c2 2 rc 1 2 )cot Kn/2 u - X(X1 )Z(x 3 ) (3.3)

n 11 (c 1 2 c 6 6 )r4 c 2 2 n1 ' which satisfies (3.2) provided

..26  . + ( 2 -_ n l)X .0 , + 0 2 2 2 0 , (3.4)
6"L6 226 a~ PF I'

n 6 1 66 22 ( where the undetermined separation constants Y and L
(2.12) satisfy 22

-: ,2 2, 2

The method of derivatio
r of the dispersion rela- - "Y c66 + c 5 (3.5)

tion (2.11) reveals that the inheo-neous d.fterential 4hc
equation governing coupled thick,.w -e.. or and
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and eI  x2
d 2  2 2 3 22 2. _h3 '(6-01 n 2

&n n 66/8RhoMn 1 0 n c 0 . (P.6) I a H (./ x )dx
n 66F ,

The only solutions of (3.4) that are bounded for all x1  3 3

and Ye and vanish at - are the Hermite functions F e- n 2 H(3.16)3n p  Hp ( n 3 )dx3 .

2 x2 0
x1
1 n 3 In the vicinity of a resonance, say the NMPth, one term

n 2 H nnX) , Zn- 2 Hp (.nX 3 ) ( in the sum in (3.10) dominates and the others are
(3.7) negligible. Thus in the vicinity of said resonance the

steady-state solution may be written

where H and H are Hermite polynomials and N~x2 iwt e26Vx
m p NMP 2 lin 2 2 iwt

2 2 u H  sin - UNe -c e

mn-%(l+ 2 m), pn n( 1 +2p), m,p=0,2,4, ... (8) c1 2h 6 6 2h

_. 2 iwt +26 HNWu !! 2- 2 2) e i t

which are determined from the condition that the series = -2h e 22
for H and H. terminate and they be polynomials. For (3.17)

a given value of n, m and p, (3.8), with (3.6), deter-
mines the values of the separation constants y., and where, as usual, wN' N in (3.17) is to be replaced by

pv, which, from (3.5)p yield the eigenfrequencies Z6.,
in the form wNM =w %Np + iM/2QM, (3.18)

2 2. -~ j HP NP m wo
"2n 6 6  1 +7n 2 , 2m +1)

W = 2 y 4(+)+ in which Omp is the unloaded quality factor of the
nmp 4h 6 contoured resonator in the NmPth mode. The admittance

YPp of this rotated y-cut contoured resonator operating
(2p+1))] . (3.9) in the NMPth mode is obtained by substituting from

ct (3.17) into (2.2)5, which is then substituted into

We now write the steady-state solution of (2.16) 1- - D2 dx1dx31 (3.19)

as a sum of eigensolutions, thus Ae

y with the result
H1= 'Ul Ip, (3.10) w 2 2

1 m n 1 22 i2 ) +enI'y . ._jj__ (l k26)+ 2 2 ( - - 2 2-- '.

where iN P V(-Th -/26)e-li2 2

u 1 nmp t sin-- (3. 20)
Ulnimp = U nmp e lnmp h Ump (320

2 2 (3.11) where
an 1 3  02 2 /ce Ae (1 + 12 , (3.21)

n -n r_ n 2 F 26 26/66 22 a (3.21)U -e H (4cnX1)C H (4.x 3 )
rap. e non (3.1nand in obtaining the second term in (3.20) we have again

(3.12) replaced the circular electrode by the circumscribed

Subqtituting from (3.10) and (3.11) into (2.16) and em- square with lengths 24 - 24 in order to perform the

ploying (3.2) for each nmp-eigensolution, we obtain integrations. The quantities CO and CNp define by
22-

26 2a 2 2  26 22 26 NP (3.22)

H- W2_ W2 )sin u Ma Uno 2h t4MP 2,2
n p np 2h Unmp c66 2h ' N 2NMp
nm p (3.13)

are called the static and motional capacitanoes, re-
and with the aid of the orthogonality of the solution spectively. The integrals appearing in (3.16), which
functions in (3. 11)2, we find appear prominently in (3.22)2, have been evaluated for

n-l M-P-0 and take the form

-P26 0onmp a VF
= -1 2a hD V(3.14) F 12 erf4- N - I erfi .

22-2 /.2),lo ' [T ,".. 1' F3N 2' 3*
c n r L [l-w Nw]66 W Wnp N (3.23)

where ih 2mm! 2Pp!
. (3.15) Equation (3.9) has been employed in the calculation

Lnp Jnmp-4lmn3npm of some resonant frequencies of two plano-convex reson-
/n n ators, which are compared with frequency measurements

on the respective resonators. The first resonator has
and if, as is reasonable in the case of the contoured a blank diameter of . 550 in., an electrode diameter of
resonator because the mode shape is sharply confined to .370 in., a radius of curvature R of 5 diopters, which
the center, we replace the circular electrode by the in 106 am, an electrode mass loading ratio R of 1.864 x
circumscribed square with lengths 2t, - 24 , we have iC"  and a measured thickness 21b - .0271 in. - .6883 o.

Since we did not have confidence in the accuracy of the
measured thickness to the required number of significant
figures, we adjusted the thickness in order that the

46



calculated value of f(3, 0,0) agree with the measured TABLE I
value. The adjusted thickness 2h is .68785 um. The
comparison between the calculated and measured values
is given in Table I, which shown that the agreement be- Mode Calculated masured
tween theory and experiment is excellent with the ex- N M P Frequency kz FrTequency kHz
ception of f(1,2,2). We believe that strong coupling
to flexure, which has been omitted from the theory, 1 0 0 2508.2 2505.5
exists in the case of the mode for which the calcula- 1 0 2 2684.0 2683.4
tion does not agree well with the measurements. The 1 2 0 2728.6 2727.7
measured frequencies in Table I are the average values 1 2 2 2891.0 2843.2
determined from five units. For this resonator the 3 0 0 7325.8 7325.8
motional capacitance of the fundamental mode, i.e., 3 0 2 7510.9 7514.1
Cl0o, was calculated from Eq. (3.22) and compared with 3 2 0 7520.0 7520.1
the average value determined from the measurement of 3 2 2 7700.5 7693.4

five units. The results are 5 0 0 12152.6 12154.1
5 0 2 12339.6 12343.0

Calculated C10 0 12.5lfF P, Measured C10 0 -13.21 fF . 5 2 0 12366.3 12367.7

(3.24) 5 2 2 12550.1 12532.0

The second resonator has a blank diameter of .590 in.,
an electrode diameter of .374 in., a radius of curva-
ture R of 2.0 in., which is .0508 m, a measured thick- TABLE 11

ness of gold electrode 2h' 750 A and a maximum plate
thickness 2ho =.06502 in. = 1.6515xl

-a 
m. In this

case we used the measured maximum plate thickness, Mode Calculated Measured*

since the measurement is considered to be accurate to N M P Frequency k0z Frequency kHz

one more significant figure than in the case of the
first resonator, and, consequently, no adjustable 1 0 0 1097.47 1094.75
parameters were employed. The comparison between the 1 0 2 1248.72 1245.93
calculated and measured values is given in Table II, in 1 2 0 1285.69 1263.23
which excellent agreement between theory and experiment 1 2 2 1416.99 -

is indicated again. 3 0 0 3103.25 3103.54
3 0 2 3270.74 3278.93
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Summary as 1 second per month for one year.

The use of miniature quartz resonators for wrist Key Words
watches has Increased rapidly in recent years. Most AT strip with tilted edges, Beveling, Cold-welded flat
of these resonators are either bar-shaped flexural package, Cubic frequency temperature curve, Low aging,
resonators or tuning fork resonators at 32 kHz. A bar- SOS C-MOS LSI
shaped resonator is easy to manufacture, but difficult
to mount in a limited space as to withstand severe Introduction
shock and vibration. On the other hand, a tuning fork
resonator is inherently resistant to shock and vibra- A rotated Y-cut quartz resonator, such as AT or
tion, but requires more complicated manufacturing, BT, vibrates in a similar thickness twist mode in
especially in splitting arms and shaping electrodes, which the direction of displacement is parallel to the
Furthermore, the bar-shaped resonator exhibits a diagonal, X, axis. Fig. I (a) shows the thickness
rather large aging and both types of resonators have twist mode of a large isotropic plate. Edge plar~ea
parabolic frequency temperature curve. Consequently, perpendicular to the major surface are traction-free
the accuracy of wrist watches using these types of for displacement of the pure thickness twist mode.
resonators is on the order of 10 seconds per month. This isotropic case, a strip with a rectangular cross

section has been used to obtain a miniaturized resona-
Therefore, there has been a strong demand for a ton as shown In Fig. I (b).

miniature quartz resonator featuring low aging, good

frequency temperature curve, good productivity and high Because of anisotropy, however, edge planes
resistance against shock and vibration. One candidate perpendicular to the major surface are no longer
to meet this demand is an AT-cut strip resonator with traction-free for displacement of the pure thickness
tilted edges previously reported.(l) The tilting of twise mode of an infinite quartz plate. Tilting of
the edge planes off normal relative to the major the edge planes off normal to the major surfaces
surface eliminates coupling between the desired thick- satisfied the traction-free boundary conditions of
ness shear mode and the undesired face shear modes edge planes as shown in Fig. 1 (c) and, thus, elimi-
which would otherwise cause strong unwanted responses nates the coupling between the desired thickness shear
and an undesirable change in the frequency temperature mode and the undesired face shear modes which would
curve when the width dimension is reduced for miniatur- otherwise cause strong unwanted responses and undesir-
;.djn., able change in the frequency temperature curve when

the width dimension is reduced for miniaturization.
Zumsteg and Suds reported on properties of a 4 MHz

miniature flat rectangular quartz resonator vibrating A rotated Y-cut strip resonator with its coordi-
in a coupled mode.(2) A resonator elongated in the nate system is shown in Fig. 2. The length of the
Z direction vibrates in a coupled mode between the plate along the X-axis is large compared with the
thickness shear mode and flexure mode. In this case, width and thickness. e is the cut angle and a is the
the location of the inflection point of the cubic tilt angle of the edges. Fig. 3 shows the typical
frequency temperature curve shifts to a higher temper- shape of a resonator. The length along the X-axis is
ature, as Royer has suggested already.(3) This shift 2a, Z-axis is 2c and the thickness is 2h. The range

cannot be corrected by adjustment of the cut angle. of useful tilt angle is 5 to 10 degrees for AT-cut.

This paper describes the development of 4.2 MHz A miniature AT-cut strip resonator with tilted
AT-cut strip resonators with tilted edges for wrist edges has less unwanted responses and good cubic
watches. A good cubic frequency temperature charac- frequency temperature characteristics. This paper
teristics are realized by selection of a combination discusses the development of a 4.2 MHz strip resonator

between the cut angle and tilt angle. A low CI value for wrist watch as one application of this resonator.
and high quality factor can be realized by beveling
and mounting securely at both ends along the length. Design and Fabrication
Therefore high resistance against shock and vibration
is realized. Presently the resonator is sealed in a The thickness is determined by the resonant
cold-welded flat package, and low frequency aging frequency, but the contour dimension along the X and
characteristics are obtained. The resonator is Z-axis can be freely chosen. The length along the
miniature enough for wrist watch application. An SOS X-axis is not critical and is chosen as 25 times the
C-MOS LSI is used for the oscillator and frequency thickness. The length along the Z-axis without
dividers. Total current consumption is presently coupling with the face shear mode is chosen (to be 4
8 vA at 1.5 V. A wrist watch using this circuit and times the thickness). The frequency spectrum around
one silver oxide battery can keep time as accurately the fundamental thickness twist mode is shown in Fig. 4
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as a function of the width versus thickness ratio, in the DC supply voltage. Therefore, an SOS (Silicon
The horizontal line is for the thickness twist mode on Sapphire) C-MOS LSI is used for the oscillator and
and the slopes are for the overtone of the face shear frequency dividers as shown in Fig. 15.
modes.

The measured frequency change as a function of
The frequency temperature characteristics are the DC supply voltage is shown in Fig. 16. The

controlled by selection of a combination between the oscillation starting voltage is 1.2 V at a Cl of 60W.
cut angle and tilt angle. Fig. 5 shows the change in If CI is increased to 11W0, the starting voltage
the effective cut angle at the frequency temperature increases to 1.3 V. The change in total current
characteristics as a function of the cut angle at consumption as a function of the DC supply voltage
c/h=4, a/h=25 contour dimension with 5 degrees tilt. is shown in Fig. 17. Total current consumption is
The effective cut angle is the cut angle of an 8VA at 1.5 V, 600, and increases only slightly even if
infinite plate calculated from the freq -ncy temper- the CI is increased to 1100. The oscillation frequency
ature characteristics of a finite plate. A zero is adjustable by controlling the parallel load caps-
temperature coefficient is realized at a cut angle citance in the oscillation circuit. The frequency is
of 35*09'. adjustable over the 120 ppm by changing the parallel

load capacitance between 0.5 and 3 pF as illustrated
The CI value has a close dependence on the length in Fig. 18. A wrist watch using this circuit and one

along the X-axis because the leakage of vibration silver oxide battery can keep time at an accuracy of
energy also depends on it. Beveling both ends along 1 second per month for one year.
the X-axis is effective in preventing energy leakage.
The changes in the CI value and quality factor achiev- Miniaturization
ed by beveling both ends are shown in Fig. 6. The CI
value decreases to 1/10 and the quality factor 4.2 MHz quartz resonators more miniature than
increases eight times after beveling. Fig. 7 shows the X-41 and X-31 type will be demanded in the
the picture of a strip resonator beveled both ends. future. Such resonators are being developed based

on the theory and experimental results of the X-41 and

The resonator is securely mounted at both X-31 type resonators. The dimensions of the resonator
beveled ends along the length as shown in Fig. 8. are approximately 6.5 me long, 2 mm wide, 0.4 mm thick.
This mounting structure strengthens the resistance Fig. 19 shows this superminiature strip resonator
against shock and vibration without adversely beveled both ends. These reduced dimensions have no
affecting the properties of the resonator, and is effect on the Cl value. Good cubic frequency temper-
suitable for sealing in a flat package. Presently ature characteristics can be maintained by suitable
the resonator is sealed in anX-41 or X-31 type cold- selection of a combination between cut angle and tilt
welded flat package. Fig. 9 shows the X-41 type angle. Miniaturization has no adverse effect on the
package of 11.7 x 2.6 x 4.1 mm. Fig. 10 shows the other characteristics either. Presently the resonator
X-31 package of 12 x 3.1 x 3.1 mm. is sealed in a cold-welded 8x2x3 um flat package.

Characteristics Conclusion

As shown in Fig. 11 (a), (b), the resonator has A 4.2 MHz AT-cut strip resonator for wrist watches
a clean frequency spectrum. The measured frequency has been developed by utilizing the principle of tilt-
responses over a wide range from 1.5 to 6.5 MHz is ing the edges. Good cubic frequency temperature char-
shown in (a). The first face shear mode appears at acteristics have been achieved by suitable selection
nearly 1.6 MHz. The frequency responses over a narrow of the cut angle and tilt angle. The resonator is
range from 3.7 to 4.7 MHz is shown in (b). securely mounted at both beveled ends along the length

to realize a clean frequency spectrum and high resist-
The frequency temperature characteristics over ance against shock and vibration. Presently the

the -10*C to +80*C range are shown in Fig. 12. The resonator is sealed in a cold-welded flat package and
frequency change is less than 10 ppm and is nearly a low aging ratio is obtained.
one-fifth as large as that of a tuning fork resonator.
For wrist watch applications, the location of the Typical characteristics are as follows:
inflection point of the cubic frequency temperature
curve should be slightly higher than the room temper- Nominal frequency 4.194304 Mz
ature. Frequency tolerance at 25C +20 ppm

Maximum drive level 50 JAW
Typical equivalent constants of the resonator Maximum series resistance 100 ohms

are given in Table 1. The CI value of 5011 is low Frequenc7y vs. temperature
enough for oscillation with an C-MOS LSI. The maximum variation over the -109C to +800C 10 ppm max.
frequency change due to temperature change, vibration, Aging ratio First month I ppm max.
shock and aging is shown in Table 2. The resonator First year 2 ppm max.
is extremely resistant to severe shock and vibration. Maximum frequency change due to

vibration under MIL-STD-202E 2 pp m ax.
The special support method and cold-welded method 201A conditions.

enclosure provide the resonator with a reliable Maximum frequency change due to
characteristics as shown in Fig. 13. Because of its shock under MIL-STD-202E 2 ppm max.
parallel capacitance Co 1.8 pF and capacitance ratio method 207A conditions
cf Co/Ci of 280, the typical frequency versus load Parallel capacitance 1.8 pF
tcapacitance curve of the resonator has the wide Capacitance ratio 280
au .Iitable range as shown in Fig. 14.

A wrist watch using an SOS oscillator and divider
Oscillator and Dividers circuit and one silver oxide battery can keep time at

an accuracy of I second per month for one year.
A low current consumption, high-speed operation

circuit is required for watch applications. Further-
more, the circuit must also be stable against changes
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Fig. 1 Principle of miniaturization of thickness twist Fig. 4 Frequency spectrum of the exact solution as a

resonator. function of the width versus thickness ratio.

(a) Traction-free plane in a large resonator.
(b) Strip resonator with rectangular cross-section.

(isotropic case)
(c) Strip resonator with parallel piped

cross-section.
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Fig. 6 Change in the CI value and quality factor

achieved by beveling both ends.

Fig. 7 Picture of a strip resonator beveled both ends.

Fig. 8 Mounting structure.
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Fig. 9 X-41 type cold-welded flat package.
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Fig. 10 X-31 type cold-welded flat package.
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Fig. 11 M~easured frequency responses.
(a) Wide range from 1.5 to 6.5 MHz.
(b) Narrow range from 3.7 to 4.7 MHz.
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Fig. 12 Measured frequency temperature characteristics Fig. 13 Frequency aging characteristics of the
over the -10% to +80*C range. resonatol.
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TYP. VALUE UNIT' 0 Co 8 (pF)

Fosc. 4.194304 MHz 40CO/C' 280

0.

Rs s0 00

Co 1.8 pF20

C1 0.0064 pF_00

Co/Cl 280 0 1ID 20 3 .0 ,
1LOAD CAPACITANCE C, (pF)

Li 230 mH

0 12 x105

Fig. 14 Frequency vs. load capacitance characteristics
of the resonator.

Table 1 Typical equivalent constants of the resonator.

CONDITION Max. FREO
CHANGE

Freq. Temrp. X0CSO 20 ppm0V0
Charactaistics 29

Vibration MI-T-0E 2 ppm3
METHOD 201A0

S0 cmOU
Shock Random 2 ppmn

_______Dropping SOS____

Aging First 30 Days I ppm
First Year 2 ppm

Fig. 15 Oscillator and frequency dividers circuit

Table 2 Maximum frequency change due to temperature uigSSCSL1
change, vibration, shock and aging.
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Fig. 16 Measured frequency change as a function of Fig. 18 Measured frequency change as a function of
the DC supply voltage. the parallel load capacitance.
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20/

15 0

1' 10

VDD(V)

Fig. 19 Picture of a superminiat ore .t rip rv~on~itor
beveled both ends.

Fig. 17 Total current consumption as a function of
the DC supply voltage.
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DT- CUT TORSIONAL RESONATORS
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Summary This study leads to a DT-cut torsional resonator,
whose zero first-order temperature coefficient is

The properties of quartz bars vibrating in very nearly independent of the dimensional ratio of
torsion are studied, the analysis being restricted to the cross section.
resonators with a rectangular cross section and the
length oriented along the X-axis. The analysis has been restricted to bars

whose length is oriented along the X-axis for the fol-
Several relations are developped for the fowing reasons:

determination of the following quantities: frequency,
stress distribution, piezoelectric coupling factor, as (i) There is neither elastic nor piezoelectric
well as static and motional capacitances. coupling to flexural modes.

Furthermore, curves are presented which (ii) The highest possible piezoelectric coupling to

give the first -and second- order temperature coef- torsion is obtained.

ficient of frequency as a function of the-angle of cut (iii) A single rotation is sufficient to annul the
(X-rotation) and of the dimensional ratio of the cross first-order temperature coefficient of fre-
section. These curves show that for two angles of cut, quency.
corresponding approximately to the DT- and CT-cuts
known for surface shear resonators, the first-order
temperature coefficient, which is then zero, is nearly
independent of the dimensional ratio of the cross sec-
tion. The second-order temperature coefficient of the by Saint-Venant, and later byLove 4. Their analysis
DT-cut, which lies in the range -15 to -20o.0- 9 /oC 2 ,  is based on the use of a so-call e d "torsion-function",
has only half the value usually obtained with flexural i bas o t ue ootso-al torseoutonwhich turns out to be proportional to the out-of-plane
and length-extensional resonators. motion of the cross section.

It is also shown that two torsional bars can The length of the bar is oriented along the
be coupled to form a torsional tuning-fork. The pro- x-axis, and its cross section lies in the (y, z) plane.
perties of such resonators are very similar to those Two quantities are introduced:
of torsional bars.

0 (y, z) : torsion-function [m2J
Introduction rd

T (x) : torsion angle per unit length

Few papers have been devoted to quartz The displacements are then given by the following
resonators with low first-order temperature coeffi- relations:
cients vibrating in torsion. Giebe and Blechschmidt 1
have studied the temperature behavior of quartz bars u = Ir
having a rectangular cross section, with edges orien-
ted along the Y- and Z-axes, and the length oriented
along the X-axis. They have shown that a zero first- w =-Txy
order temperature coefficient of frequency can be ob-
tained by a suitable choice of the dimensional ratio of Consequently, the only non-zero strains are S5 and
the cross section. Vasin and Pozdnjakov 2 . 3 have S6 . Moreover, due to the fact that X is a digonal
described a similar resonator, whose cross section axis, T 5 and T 6 are the only non-zero stresses.
has been rotated by t 450 about the X-axis, in order This also holds in the resonant case, providing that
to increase the piezoelectric coupling. The drawback the cross-sectional dimensions of the bar are small
of both resonators is a very strong dependence of the compared to its length.
first-order temperature coefficient upon the dimen-
sional ratio of the cross section, which calls for very Love has shown that the shear stresses
stringent dimensional tolerances, across a rectangular cross section are equivalent to

a couple of moment C T, with:
The analysis presented in this paper yields a 5Jj a+ + + ' - t)I dydz

quite accurate frequency equation, which allows the Cl "55Y(Y'-) c66z (z+ r' ) c56 ( z
v -y y d

determination of the temperature behavior of quartz oy
bars up to the second-order temperature coefficient.
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The determination of C. which is known as It follows from the above equations that, for

the torsional rigidity, is greatly simplified in the a markedly rectangular cross section, the main con-
case c 6 = U. This assumption, which leads to small tribution to the elastic energy is made by the shear
inaccuracies that will be discussed later, has been stress whose axis is normal to the larger faces. But

made throughout this paper. It implies that: even in this case, the ratio T 6 max /T 5 max is not
n ,5 c very different from unity. This is shown in fig. 3,

s56 = 0 and s55 66 c = 6 
=  which presents this quantity for various cross-sec-

tional ratios as a function of the angle of cut %P (X-
But in fact: rotation).

c 5 6 0 0 i 8;6 and s 5 5 c 5 5 = 6 4 6 ;0 1

Fig, 4 and fig. 5 represent both stresses, in

which means that the simplifying assumption leads to normalized form, for b/a = 1/4 and T=-530 (DT-cut).

different consequences depending whether the various It is apparent that T 5 varies almost linearly with the

relations are expressed in terms of elastic stiffnes- thickness, whereas T 6 presents a kind of "skin-

ses, or in terms of elastic compliances. Considera- effect".

tions based upon Hamilton's principle lead to expect

the latter choice to yield much more accurate values. Frequency equation

This is supported by comparison between theoretical

and experimental frequencies. The following substitu- It has been shown
5 

that the fundamental tor-

tions have therefore beer, made in Love's relations sional frequency of a rod is given by the relation

';5 - /s;5 c 6 6 - /566

Fig. I shows the cross section of the bar,

and defines the dimensionless quantities ,/ and a . where:

The torsion-function and the torsional rigidi- L length of the rod

ty are easily obtained from Love's relations. C torsional rigidity

25 ab " n sinh(2n+1 w (2n+1)wg density)=y +"' 2 2 :dest

o ) r I = y+ z 2
) dy dz : moment of inertia of the cross

n
=
0 2 ross section

1 16 a b
3  192 tanh (2 n+ 1section

C 
= 121)- 3 I-2 n" The frequency may then be expressed by the following

3 n=0 fast converging series:

--b> '/ 2 tanh(2n+l)vrat
Stress distribution f= 192" T (h2n+)

The relevant stresses are derived from the a n=0

Stres ditrbuio funation
torsion-function: The frequency constant f L relative to three

- a , different angles of cut has been plotted in fig. 6 as a
55 (-z function of the dimensional ratio. The variation ofthiss55

ratio has been restricted to the range 0 4 b/a 4 I. so
that the Y'-axis is always normal to the larger faces

- 6 -- (- +z) of the bar. The curve corresponding to the angle
866 y V = -580, respectively P= 320. has been selected

so that because it represents nearly an envelope of the set.

b (
2 n +h fn l(

2 n+1 )w-ie The frequency equation has been checked
T '-4 

2  -1 n 2 2 against experimental data from several authors:

T =S O) n l cosh (2 n+ )w 2P - Giebe and Blechschmidt 1 : 0. 25 A b/a ACI
n--0 Q % 00 and P= 900

o= . .(2n+1)l = (2n1 )vP - Pozdnjakov3: g. 4b/a __ 1 4 P
=

+ 50

b2Z42 ~(~ln sinh ___OS~ 5
Tn(4) 2 11 2 - CEH: b/a = 0.25 P - 530

n=0 2 In all cases, the discrepancies are found to be smal-
ler than 1%.

Each stress is symmetrical with respect to
the axis of the cross section normal to its own axis. Temperature behavior

Its value is zero along two faces, and reaches a

maximum in the center of the other two faces. This is The temperature behavior of torsional bars

illustrated in fig. 2. may be determined by means of the frequency equation.
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II

To avoid lengthyanalytical derivations, a numerical Piezoelectric coupling
method is used. which calls for the frequency to be
computed at three different temperatures, convenien- The highest possiole piezoelectric couplinj is,
tly chosen symmetrical with respect to 25 0 C. The obtained by adding the contributions of the electric
temperature coefficient- of the various constants in- fields E2 and E3. The piezoelectric constants invol-
volved are taken into qccount up to the third-order, v'd -ire d 5 and d;, which have the same sign ex-
and the first- and second-order temperature coef- cept within twe, narrow angular domains. The best
ficients of frequency are then easily obtained, el,-etrode pattern is shown iii fig. 11, with the restr, -

ton that the extension of the vertical metallizatin(r
The computations have been performed using over the edges is not oesirable, but may be call ,d foi

values given by Bechmann and al. 6 at constant electric b- practical considerations.
field.

The various energy densities over the -rossz
Fig. 7 presents the first-order temperature suc:ton are given by the following relaticns:

coefficient as a function of the b/a ratio, for various 1 2
angles of cut. This figure shows that there exist two mechanical u m =- C
angles, approximately equal to -520 and 360 , for ab

which a zero first-order temperature coefficient is 01lcctrical u = E co ,2

obtained for resonators having low b/a ratios. More- e 8 ab
over, these two cuts are characterized by a small
sensitivity of the temperature coefficient with respect ((d' T '
tc the dimensional ratio. piezoelectric Up 6 5 5T 36 T6 .. dy d

cross

By comparison, the torsional bars studied by section

Giebe and Blechschmidt 1 (Y= 00), and by Vasin and
Pozdnjakov 2 , 3 (y= _ 4 5 o), exhibit much larger sensi- where 0 k *", ''o: electrostatic potential

tivities, which make these resonators unsuitable for c, : normalized static capacitance per"
stringent temperature behavior tolerances, unit length

It is interesting to note that the two angles Combining the various equations derived pre-
mentioned above (-520/360) correspond nearly to the viously leads to the relation giving the static piezo-
DT- and CT-cuts knowi for surface shear resonators. electric coupling factor :
This is not surprising, since only a single shear rdg d 6  1 2
stress contributes to the elastic energy of resonators u 2 12 a 5 J + s6 J
having markedly rectangular cross sections. Their k 2  12 .' 55 s 6

frequency equation is then similar to that of surface Um u e  o 0 b co

shear resonators.
where

Fig. 8 shows the second-order temperature a
coefficient of frequency, whereas fig. 9 gives the - IY (1-Y-2 I ad - -L (f - Zl)Ydydz
first-order temperature coefficient, at an enlarged a -- "y b 4-
scale, for DT- and CT-cuts. Fig. 10 presents the a Ycross section

corresponding curves for the second-order tempera- bI (dyd
ture coefficient, which is seen to be lower for the 12 JW rs si dy dz
DT-cut. and section

Comparisons have been made between com- 0" tanh (2n+l)wr~
puted and measured temperature coefficients for 192 2
nearly square cross sections, with Y= 0' 1 and 20 1 - =am (2n,1)5
(f 45o 3, as well as for markedly rectangular ZU
cross sections with P= -520. These comparisons are 4s n n
summarized as follows: . 4-L nl 2 cos2nl}iri2

2 o 21 (2nl) c 2

T I computed - Tf( l ) fmeasured 
= -1 t 5 10- 6/1C n=0 osh 2

8~f [ ~ s 2n~l }at-(

TfI2) computed - Tf(2 ) measured =3t 5 10"9/oC 2  2 " I cosh 2

The main reason for these discrepancies is n=0 2
thought to be the assumption that s56 = 0, which 0 .nI M at
yields a slightly inaccurate frequency equation. Con- - ca Z I sinh 2.2
sidering the various relations involved in Love's 3 - 2 1 T (21- 1 .nv
analysis, it is easy to show that a first-order frequen- cosh
cy correction should be proportional to s56 But the nz0

dependence of the proportionality constant upon the
angle of cut and upon the dimensional ratiois unknown, The electrostatic potential S, and the nor-
so that its influence on the temperature behavior can- malized static capacitance co, are determined b\ av-
not be determined. plying a method based on the use of conformal trans-
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formations, to obtain a uniform electrostatic field. It It is found experimentally that the tuning-fork
is thereby assumed that the crystal is electrically torsional frequency is nearly equal to that of a torsio-
isotropic, and the influence of the external electro- nal bar whose half-length is defined in that figure. The
static field is neglected. This method, which makes frequencies computed with this empirical relation
use of Jacobi elliptic functions and of elliptic integrals have been compared to the measured frequencies of
of the first kind, has been described in an earlier several torsional tuning-forks, having qtite different
paper devoted to flexural resonators 7. angles of cut and dimensional ratios. fhe correspon-

ding frequencies are found to differ by less than 6%.
The determination of the dynamic coupling

factor calls for integration over the length of the bar, It is interesting to note that the same equiva-
which is assumed to be only partially metallized. The lent clamping-plane may be defined for flexural tuning-
edge effects along the length are neglected, and the forks, which are then to be considered as two clamped
stress distribution is taken as sinusoidal, bars of length L/2 . In this case, computed and measu-

red frequencies agree within 4 %.
The static and motional capacitances, res-

pectively C O and C 1 , as well as the dynamic coup- The temperature behavior of DT-cut torsio-
ling factor kd , are given by the following relations nal tuning-forks has been measured, and found to dif-

fer slightly from that of DT-cut torsional bars. For

o= lc C1 2 instance, the second-order temperature coefficient of

OC = W k
2  optimized tuning-forks is about -20-I0-

9
/oC

2
, com-

= 1c1  C 0  pared to -15.10-
9

/oC
2 for torsional bars.

where Tuning-forks have several advantages over

torsional bars. They are suitable for batch-proces-
the center of the bar) sing, easier to mount, and exhibit a better shock

resistance. Furthermore, the electrode pattern may

c1  L k
2 
co : normalized motional capacitance be chosen so as to build a three-terminal device, thus

(I' Isimplifying the design of stable low-power oscillators,
4 sin

2 
-2L)I i

IT 2 cons It is felt that torsional tuning-forks may be
Iconsidered as an alternative to flexural tuning-forks,

in particular for wrist-watch applications.

The complexity of the various transforma-

tions involved precludes any determination of the sta- Conclusions
tic coupling factor by analytical integration. A com-
puter program has been used for determining the This paper gives the equations necessary for
electrostatic potential on a regular array and for per- computing the properties of torsional quartz resona-
forming numerical integrations. tors whose length is oriented along ti,- X-axis, and

having a rectangular cross section. It shows that DT-

Curves have been computed for the case cut torsional resonators exhibit a temperature beha-
- 530 , 

with the vertical metallization limited to vior similar to the one of DT-cut shear resonators,
the edges (a" = a). Fig. 12 gives the normalized static and that they can be built as torsional tuning-forks.
capacitance co, fig. 13 the normalized motional ca-
pacitance c I , and fig. 14 the square of the static The analysis presented is not restricted to
piezoelectric coupling factor. These curves provide quartz crystals, but may be applied to similar

the information needed to determine the static and materials, such as berlinite, or to materials of higher
motional capacitances of DT-cut torsional resonators. crystal symmetry.
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Summary force on the frequency of a quartz resonator. Rallato
and Bechmann studied the sensitivity as a ftmction of

2.An accelerometer has been developed, which the angle of cut and the azimuth angle, 3 Then followed
utilizes force sensitivity of quartz crystal resonators. extensive work by Mingins et al.4 Ratajaki summarized
Two identical rectangular resonp ors are stacked data of rotated Y-cut plates in a chart form!
together with a small gap and clamped along one edge as
a cantilever. A mass is attached to the opposite edge. Theoretical calculation of the sensitivity was
Each resonator is driven by an oscillator circuit and done by Keyes and Blair, who assumes isotropy in stress
oscillates at its own resonant frequency of thickness- analysis of a crystal plate! More general treatment
shear mode. The output of both oscillators is mixed was presented by Lee et al.? These calculations using
to yield the beat frequency, which is proportional to the third order elastic constants determined by
the acceleration and hence the desired output of the Thurston et al! showed a fair agreement with
accelerometer. Since the output is the frequency, the experimental data.
digital data processing can be easily applied. For
telemetry, a FM transmitter of around 170 MHz is Only a few data is available for the temperature
modulated by the beat frequency output. The size of dependense of the sensitivity. Hammond et al. reported
the whole package is 40X20x20 mm. that a large temperature coefficient of the sensitivity

of a cylindrical pressure sensor using an AT-cut was
The accelerometer shows an uniaxial force substantially reduced by the use of a doubly rotated

sensitivity. This is because only the force component cut? Dauwalter measured temperature dependence of the
perpendicular to the major surfaces of resonators force sensitivity of an AT-cut as a function of azimuth
streches one resonator and compresses another resonator, angle and found a zero temperature dependence at the
This causes opposite shifts in oscillator frequencies angle of 37 degree from the X-axis.1

0

and yields the beat output. On the other hand, other
force components cause the same shift in oscillator In this paper, first the temperature dependence of
frequencies and hence no beat output. the sensitivity of other rotated Y-cuts as well as

doubly rotated cuts are presented. Several useful cuts
Similar cancellations are obtained for the DC and azimuth angles with zero temperature dependence of

offset due to temperature variation and aging. The the force sensitivity are found, which include BT-cut
temperature variation of the force sensitivity of two and RT-cut.
resonators, however, cannot be cancelled out. Hence
it is required to use resonators, of which force Second the temperature dependence of the force
sensitivity is insensitive to temperature variation, sensitivity of a rectangular quartz crystal plate as
Hence in this study a search was done for crystal cuts a function of the location of point of application of
with zero temperature dependence of force sensitivity, force is presented.
several useful cuts with zero temperature dependence of
force sensitivity have been found, which includes BT- Third the development of an accelerometer
and RT-cuts, besides of AT-cut already reported by insensitive to temperature variation and its
Dauwater (1972). In the case of a characteristics are described.
rectangular plates, the temperature dependence is a
function of the location of point of application of Force to Frequency Sensitivity and
force. Hence another possibility exists to obtain the Its Temperature Dependense
zero temperature dependence.

The normalized coefficient of the force to
Introduction frequency sensitivity is defined by Ratajski

s 
as

follows:
Resonance frequencies of quartz crystal plates Af nD

change by the application of external force! This K -- r (1)
effect is troublesome in the application of high- f F

precision quartz resonators. On the other hand, the where
use of this effect can be made to realize a force to Af: change in frequency due to force
frequency sensor. In practical uses of such a sensor, F: applied force
it is important to reduce temperature dependence of the n: order of overtone
force to frequency sensitivity as well as the D: diameter of quartz crystal plate
frequency itself. f: resonant frequency

n: a parameter which is assumed as unity in this
Much work has been done on the effect of external study.
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Rotated Y-cuts temperature dependence of Kf at points specified in
Fig.9 is shown in Fig.l0.

Theoretical analysis shows that the normalized
coefficient of a rotated-Y cut depends on the azimuth It can be seen in Fig.9 that the force sensitivity
angle, 4i of applied force in the following manner: becomes zero at certain points. These points may be

suitable for mounting a precision crystal resonator.
Kf(IS) = P + Qcos(2@) (2) The shift of point of application, however, yield little

improvement in temperature characteristics of force
where P and Q are parameters which depend on the angle sensitivity.
of cut. Hence the temperature dependence of Kf is
fully described by the temperature dependence of two Structure of accelerometer
parameters P and Q or, equivalently, Kf(O) and Kf(90).

An accelerometer, of which structure is shown in
In the experiment, 10.7 Mz rotated Y-cut circular Fig.ll, is developed. Two identical rectangular

resonators are used. The diameter is 8 ma. Gold resonators are stacked together witn a small gap and
electrode of 2.6 ma in diameter is evaporated in the clamped along one edge so that each plate behaves as a
center. A compressional force of 200 %500 gram is cantilever. These resonators are hermetically sealed
applied in parallel to the major surface. The by bellows. The flexible end of bellows is attached
temperature dependence is measured in the range from to both the free edges of resonators inside and a
zero to 80*C. weight outside. The inside of bellows is filled with

dry nitrogen. Silicon oil fills the space between
Fig.l shows a comparison of theroretical and the bellows and an outer container to increase the

experimental values of Kf for AT and BT cuts as a damping. Resonators and its mounting material nave the
function of the azimuth angle. A fair agreement is same thermal expansion coefficient in order to reduce
obtained as described in literatures. Fig.2 and 3 thermal stress. Each resonator is driven by an
show the linear temperature coefficient of Kf(0) and oscillator circuit and oscillates at its own resonant
Kf(90) at 35*C, respectively, as a function of the frequency of thickness-shear mode. The output of both
angle of cut. The coefficient of K (0) becomes zero oscillators is mixed to yield the beat frequnecy, which
at the angle of cut of -55, -43 and +20 degree. On is proportional to the acceleration.
the other hand, the coefficient of K (90) becomes zero
at the angle of cut of -10, +3, and f20 degree. The accelerometer exhibits an uniaxial force

sensitivity. This is because only the force component
The temperature dependence of Kf for any perpendicular to the major surfaces of resonators

combination of the azimuth ingle and the angle of cut streches one resonator and compresses another resonator.
can be calculated from data shown in Fig.2 and 3. In This causes opposite shifts in oscillator frequencies
practice, the temperature dependence of resonant and yields the beat frequency output. On the other
frequency itself is also important. Hence AT and BT hand, other force components cause the same shift in
cuts are to be used. Fig.4 and 5 show the temperature oscillator frequencies and hence no beat output.
dependence of Kf of AT and BT cuts for several values Similar cancellations are obtained for the DC offset
of the azimuth angle. In the case of AT-cut, the due to temperature variation and aging.
azimuth angle around 40 degree yields good temperature
characteristics as reported by Dauwater.

0  
In the case The temperature variation of the force sensitivity

of BT-cut, a zero azimuth angle yields a good result. of two resonators, however, cannot be cancelled out.
hence it is important to use resonators of which forte

Doubly rotated cuts sensitivity is insensitive to temperature variation.
The previous study suggests the use of either AT-cuts

A serch for cuts with good temperature characte- with the azimuth angle of 40 degree or BT-cuts with
ristics of the force sensitivity is extended to doubly zero azimuth angle. Although AT-cuts exhibit a little
rotated cuts. Results are summarized in Table 1. The better characteristics, BT-cuts are used in the follow-
figure of merit, M, is the ratio of the maximum ing, because a matched pair is easily obtained with
variation of Kf to the mean value of K over the less accurate control of angles.
measured temperature range. The values for AT and BT
cuts are also included for comparion. A single coaxial cable is connected to the

accelerometer. The cable is used for both DC power
It can be seen RT cut ( l14*30' and e=-33*48'), supply and the output of beat frequency. For telemetry,

which is one of doubly rotated cuts having zero the beat frequency output modulates a Fr transmitter of
temperature coefficient of frequency, yields a good around 170 MHz as shown in Fig.12. The size of the
result at the azimuth angle of 120 degree. Fig.6 shows whole package is 40x20x20 mm. Fig.13 shows a whole view
theoretical and experimental values of K of RT-cut and a cut away view of a typical package.
as a function of the azimuth angle. Thetcurve does not
exhibit a symmetry around the zero azimuth angle. Characteristics of accelerometer
Fig.7 shows the temperature dependence of Kf(35) and
K (120). Little improvement in temperature characte- Typical characteristics of the accelerometer are
rfstics of force sensitivity is obtained by using summarized in Table 2. The maximum frequency can be
doubly rotated cuts. increased by reducing the weight, which however, reduces

the force sensitivity. Fig.14 shows temperature
Rectangular plates variation of two resonators without applied force and

its residual beat output. Fig.15 shows frequency
So far the circular plates are used in the characteristics of the accelerometer. Fig.16 shows

expeiment. Similar experiments are conducted for iniaxial directivity of the accelerometer. Fig.17
rectangular AT cuts in order to see the effect of the shows the fluctuation in acceleration and deceleration
sift in location of point of application of force. 'f a motor measured by telemetry.
The size of the plate is lOxl5xO.15 mm. Fig. 8 shows
three types of rectangular plates and the point of Conclusion
appllration of force. Fig.9 shows K vs the sift in
l,-ion of point of application of force. The An accelerometer is developed, which utilizes
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force sensitivity of quartz crystal resonators. Two Reference
identical resonators combined in a cantilever form, so
that the zliaxdal directivity is obtained. All the Id E. Sasaki, H. Kojima and S. Hattori: Nat.
variations except the temperature variation of the Cony. Inst. Electronics and Elec. Comm. Eng.
force sensitivity can be cancelled out. Hence a serch Japan, No.95 (1975)
was done for crystal cuts with zero temperature
dependence of the force sensitivity. Several useful
cuts are found, which include BT-cut and RT-cut,
besides of AT-cut previously reported.

Table 1 Comparison of figure of merit of doubly

rotated cuts and AT and BT cuts.
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Appendix -00.9

Azimuth Angles which yield zero force sensitivity AT 9d' 0.273
In the design of a high precision quartz resonator, 4(f 0.019

it is interesting to know azimuth angles yielding zero
force sensitivity. This is because the mounting at BT rfl ' <
these angles may reduce mechanical disturvances caused ,,),

by a holder.

Fig.l shows the azimuth angles of about 60 and 120
degree can be used for two and four points mounting of
an AT-cut plate.

The azimuth angles yielding zero force sensitivity
for three poi s mounting was experimentally studied by
Sasaki et al. Fig.Al shows the geometry of three
points mounting. They found the angles of zero force
sensitivity at both (c75, *-0*) and (a-36, i-90*). Table 2 Typical characteristics of acceleroaster

These angles can be calculated from the data shown
in Fig.2 and 3 and the following equation:

- 1 1 LINEARITY 0.2 % of full scale. Kf = P(12"cana) 4 Qcos(2 )(1-2.ana)

Fig.A2 shows calculated Kf of an AT-cut as a function HYSTERESIS 0.2 2 of full scale

of azimuth angle. The parameter is a. It is seen zero MAXIMUM
force sensitivity can be obtained in the range of a FREQUENCY 100 Hz for full scale of 10 G

from 0 to 39 degree, if 0 is appropriately chosen.
Another combination (a-78*35', -0

°
) also yields zero SENSITIVITY 500 Hz/G for full scale of 10 G

sensitivity. RESOLUTION 
2 x 10- 3

Temperature dependence of K for various
combinations of angles yielding ero sensitivity at TEIPERATURE
30C is given in Fig.A3. It is seen that the two points COEFICIENT -0.01 /OC
mounting, (ccO0, 57*34') exhibits a minimum OF
sensitivity over a wide temperature range. SENSITIVITY
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USING THE X-Y FLEXURE WATCH CRYSTAL

AS A PRESSURE-FORCE TRANSDUCER

Alan Genis - D.E. Newell
Northern Illinois University

DeKalb, Illinois

Summary number of articles, most describe devices that
experience a physical deformation of the crystal

This paper describes a method of utilizing a caused by differential air loading or mechanical
32.768KHz X-Y flexure watch crystal as a pressure- forces applied to the crystal to force the crystal
force transducer. It was determined that the to deviate from its resonant frequency.
frequency of oscillation decreases approximately
- 0.4Hz/psi, (coefficient varies with crystal Brown and Harris1 described a method of

design), and the slope of the frequency versus determining the pressure coefficient of a BT cut
pressure curve is approximately constant, beyond quartz crystal, and noticed that this frequency
an initial threshold. shift was linear with changinf pressure with a

coefficient of .408ppm/lbs/in.
The X-Y flexure resonator was enclosed in a

compartment with one side being formed by a dia- In 1951 Roberts and Goldsmith2 described two
phragm composed of a synthetic rubber impregnated methods of pressure measurement utilizing an oscil-
fabric. This compartment was filled with nitrogen latory type of quartz crystal. The first method
gas at atmospheric pressure. A piston was explains the effects of air loading on the Q of the
positioned on the external side of the diaphragm crystal. It is noticed in this study that for a
and as a force was applied to the piston, the crystal vibrating in extension or flexure, the Q
volume of the crystal enclosure would decrease, change is inversely proportional to air pressure and
This decrease in volume would increase the nitrogen for elements operating in tht shear mode the change
pressure in the crystal compartment incresing the in Q is inversely proportional to the square root
viscous damping of the resonator and thus decreasing of the pressure.
the crystal frequency.

In this experiment the crystal experienced
The crystal was placed in an oscillator circuit, pulses of fixed amplitude under conditions of vary-

generating a frequency that was a function of the ing environmental pressures and the ratio of the
force applied to the piston. Electronic circuitry decay times used as the means of determining the
was generated that would convert this frequency pressure. The second approach described a method
shift to a digital indicator, indicating the force using differential air loading on the quartz crystal.
in lbs. Self compensating circuitry was developed With thickness to length ratios of 80 for AT cut
to eliminate any temperature or aging effects which quartz crystals, frequency changes of 1400 ppm/atmos-
would cause a frequency shift other than the shift phere were achieved. For an oscillator which has a
caused by viscous damping. Two models of the stability of lppm, an accuracy of .7 millibar can be
transducer have been generated. achieved for a pressure shift of one atmosphere.

The design considerations and test results Pacey
3 
generated a piezoelectric manometer using

obtained from the two models will be discussed, a 200KHz DT cut quartz crystal operating in the face
shear mode. The crystal was placed in a Pierce

Introduction oscillator and measurement of the anode current was
seen to be proportional to the pressure.

Various reports have been published and devices
generated in the past fifty years that utilize a It is the purpose of this report to describe the
piezoelectric material for the detection of effect of viscous damping on the resonant frequency
transient forces or pressure measurement. The exhibited by the X-Y flexure watch crystals and to
original suggestion that pressuie could be recorded utilize this effect as a force transducer.
as a function of time using piezoelectric crystals
has been credited to J.J. Thompson. Experimental Procedure

Most of the literature describes devices that The crystal used is a Type TX-3 X-Y flexure
utilize the piezoelectric material in the static manufactured by the C.T.S. Knights Company. In
sense, that is, the crystal experiences some form of order to allow the crystal to experience varying
mechanical pressure or deformation resulting in a environmental pressures, a small portion of the
charge displacement and induced voltage that is crystal can was removed. The crystal was placed in
amplified and processed to give the magnitude of the a pressure chamber and connected to an oscillator,
literature published about static transducers, there that was external to the chamber, via vacuum feed-
are relatively few articles that describe the use throughs. The pressure was varied within the chamber
of piezoelectric crystals in an oscillatory sense from one atmosphere to 50 p.s.i., while a period
for the use as force transducers. Of this small count was taken on a Model 5245L Hewlett Packard
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frequency counter. A thermocouple was placed within f - f - F
the chamber to monitor temperature to assure that osc 0 A
the readings were taken at a constant temperature to
eliminate umwanted temperature effects. The data when f - frequency of crystal with a force
obtained is tabulated in Table 1 and a plot of fre- osc applied
quency vs. pressure is shown in Fig. A.

F - force applied to the transducer
From the data obtained, it is seen that for the

X-Y flexure experiencing the change in pressure, the A - cross-sectional area of the trans-
frequency change has an average value of .424 Hz ducer
per P.S.I. and this appears to be linear as seen
from the graph of Fig. A. It was because of this k - pressure coefficient of crystal
linearity and the magnitude of the coefficient that
suggested a device could be designed to utilize the f = resonant frequency
effect. 0

The fos is then phase locked to a voltage controlled

The first problem was to develop a transducer 
osc

that would translate a physical force to a varying crystal oscillator with a divider between the VCO

environmental pressure on the crystal. The first and the phase detector, so that when a lock is

transducer developed is shown in Fig. B. It con- achieved the VCO will be operating at 128 * fo.

sisted of an aluminum housing with a brass piston The VCO frequency is then mixed with the offset

acting on a rubber diaphragm. A teflon sleeve was oscillator and the difference frequency is generated.
inserted between the aluminum and brass to reduce Since the coefficient of the transducer is not unity,
the friction. The second transducer developed is a gate time had to be generated that would convert
shown in Fig. C. This transducer comprised a the beat frequency of the offset oscillator and the
Beryllium Copper convolute of a vacuum bellows multiplied sensor frequency to a number that would

sealed to copper clad GlO board. One side of the be displayed as the proper magnitude in the units
transducer was notched and the crystal epoxied in chosen. It was desirable that the gated beat fre-
place. The transducer was then backfilled with dry quency be 10KHz. Then if the most significant bit
nitrogen to a pressure of one atmosphere. Other was disregarded, as the sensor frequency decreased
transducers were generated using the bellows arrange- with an increase of pressure on .he transducer, the
ments. Some consisted of multiple bellows connected beat frequency would increase and be gated to display
by small tubing to minimize dead air space and max- the proper magnitude. To determine the proper gate
imize working area of the transducer. Another model time the following equation was used.
was generated that consisted of a small air space - 10,000
bounded by a flexible rubber membrane and the bellows ton Itff - m (f0  - F k)J
was filled with liquids to maximize the working A
volume of the transducer. See Fig. D. Once the gating time was known, the offset oscillator

frequency can be calculated by
All of these transducers proved unsatisfactory

for the application needed, since they exhibited f
o
ff - m - 10,000

second order effects possibly due to the 
spring

constants of the bellows and rubber diaphragm. The f = 3
transducer used in the device was manufactured by off 10 x 10f
Bellofram Corp. This transducer consisted of a t osc
rolling sock arrangement on a piston within a housing. on
See Fig. E. The advantage to the transducer is that The gating signal was supplied by a crystal
it maintains a constant area regardless of the dis- oscillator with a frequency of 2.654373 MHz and
placement of the piston. It exhibited no restoring divided by 220 to generate the needed gating pulse.
forces, except those produced by the comparison of The device generated is shown in Fig. G, Its
the nitrogen within the transducer. The bellofram operating range was from zero to 200 pounds with an
requires little force to overcome its own friction, accuracy of .1 pound. This model required external

power, a long warm-up period and experienced drift
The quartz crystal was mounted In a holder and to the fact that the enclosure acted as an oven which

mounted in the transducer. The transducer was caused the crystal frequencies to drift and thus
mounted in a test stand and 50 gram weights were required constant tuning of the offset oscillator.
placed on the transducer. Period counts were r To solve some of the problems associated with the
each weight added. Thus the coefficient of th first unit, a second unit was generated. A block
transducer was determined, diagram is shown in Fig. H.

Once the coefficient of the transducer had been A new more compact Bellofram was used and the
aetei mined, circuitry had to be developed to utilize coefficient was determined in the same manner as the
the coefficient. The crystal oscillator consisted first model. The data is shown in Table 2. Because
of a RCA 4007 CMOS inverter biased linearly. The of the drift, some method had to be devised to
coe;ficient ws multiplied by means of a phase locked compensate for the errors. An automatic zero loop
:oop. Fig. r is a block diagram of the frequency was included in the circuit. The loop consisted of
sultiFlier circuitry, offset oscillator, timing a second set of registers which received that data

1, llator. gating and readouts, from the mixer. These registers feed the data into
comparators which were hard wired to binary 10000.

The aominal frequency of the sensor oscillator Whenever the difference frequency was not equal to
•. s. The sensor oscillator will experience 10000Hz coming out of the gate, the comparators
;, reoonant frequency due to the viscous responded with logic levels that corresponded to the
P - a force is applied to the transducer. frequency being "less than" or "greater than" 10 [lz.

. ..... , 4A the oscillator will be These steering outputs were directed thru an inter-
face to the charge pump. The charge pump controlled
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the voltage on the varactor in the VCXO which was Table 1
used as the offset oscillator shown in figure K.
Thus when the loop was closed the comparators
always maintained the offset oscillator at a PRESSURE VS. FREQUENCY

frequency that was 10 KHz greater than the fre-
quency of the multiplied sensor oscillator. Since Pressure Period Frequency A. F
the comparators would always read "greater than" (PSI) Casec) KH2  AP 6s F a P
when a force was applied to the sensor or "less
than" when the registers were dumped, gating was 2.5 30.511697 32774.31603
utilized to open the loop under these conditions, 5.0 30.512184 32773.79292 2.5 .52311 .2092
as shown in figure J. 7.5 30.512962 32772.95728 2.5 .83564 .3342

10 30.513841 32772.01320 2.5 .94408 .3776
CMOS integrated circuits were used wherever 12 30.514342 32771.47513 2.0 .53807 .2690

14 30.515131 32770.62779 2.0 .84734 .4236
possible to minimize power consumption. The 16 30.515670 32770.04895 2.0 .57884 .2894
completed unit is shown in figure L. The second 18 30.516672 32768.97297 2.0 1.07548 .5377
model was hand held, capable of operating for eight 20 30.517467 32768.11932 2.0 .85365 .4268
hours off of its batteries, or off of an external 22 30.518248 32767.28074 2.0 .83858 .4192

24 30.518981 32766.49374 2.0 .78700 .3935power supply for etended periods. The device has 26 30.519783 32765.63270 2.0 .86104 .4305
an operating range of 0 to 200 pounds and maintains 28 30.520500 32764.86296 2.0 .76974 .3848
an accuracy of .1 pound over that range. The 30 30.521549 32763.73686 2.0 1.12610 .5630
accuracy seems limited by the short term stability 32 30.522334 32762.89421 2.0 .84265 .4213
of the crystals used in the system, and some 34 30.523220 32761.94320 2.0 .95101 .4/55

36 30.524163 32760.93107 2.0 1.01213 .5060
improvement could be achieved by making the time 38 30.525114 32759.91041 2.0 1.02066 .5103
base oscillator a TCXO, thus minimizing any 40 30.526459 32758.46701 2.0 1.44340 .7217
variation in the gating time. Possible applications 42 30.526992 32757.89505 2.0 .57196 .2859
for this type of sensor include barometers, depth 44 30.527970 32756.84561 2.0 1.04944 .5247

46 30.52805 32755.949967 2.0 .89594 .4479gages, vacuum gages and a digital bathroom scales. 48 30.532014 32755.16026 2.0 .78941 .3947
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TABLE 2

(C ae (gas sec) Ntsec)

0 30.50817
charge offset mixer time base 50 30.50819 .00002
PUMP oscillator oscill ator 100 30.50822 .00003

150 30.50824 .00002
T200 30.50828 .00004

250 30.50831 .00003
300 30.50834 .00003

itfaegttie350 30.50838 .00004can400 30.50841 .00003
450 30.50845 .00004
500 30.50849 .00004

dcdr550 30.50853 .00004
gaedividers multiplexer 600 30.50856 .00003

readouts 650 30.50859 .00003
700 30.50863 .00004
750 30.50867 .00004
800 30.50871 .00004

rgses850 30.50875 .00004
S1030.50878 .00003

950 30.50882 .00004
1000 30.50884 .00002
1050 30.50887 .00003

cmaa1100 30.50891 .00D004
1150 30.50894 .00003
1200 30.50899 .00005
1250 30.50903 . 00004
1300 30.50907 .00004

FIGUlRE H 1350 30.50910 .00003
140n1 30.50914 .00004
14'90 30.50917 .00003
1500 30.50921 .00004
1550 30.50924 .00003
1600 30.50928 .001004
1650 30.50932 .00004
1700 30.50936 .000M4
1750 30.50939 .00003
1800 30.50943 .00004
1850 30.50947 .00004
1900 30.50951 .00004
1950 30.50954 AM00
2000 30.50958 .00004



TABLE 2 (cont) TABLE 2 (cont)

FORCE PERIOD FORCE PERIOD A P

(grams) (Nsec) (Asec)(grams) ( tsec) (' sec)

4250 30.51128 .00004
2050 30.50962 .00004 4300 30.51131 .00003
2100 30.50966 .00004 4350 30.51134 .00003
2150 30.50970 .00004 4400 30.51137 .00004
2200 30.50974 .00004 4450 30.51142 .00005
2250 30.50978 .00004 4500 30.51147 .00005
2300 30.50982 .00004 4550 30.51150 .00003
2350 30.50986 .00004 4600 30.51154 .00004
2400 30.50990 .00004 4650 30.51157 .00003
2450 30.50993 .00003 4700 30.51161 .00004
2500 30.50996 .00003 4750 30.51165 .00004

2550 30.51001 .00005 4800 30.51170 .00005

2600 30.51005 .00004 4850 30.51173 .00003
2600 30.51005 .00004 4900 30.51176 .00003
2650 30.51009 .00004 4950 30.51180 .00004
2700 30.51014 .00005 5000 30.51184 .00004
2750 30.51018 .00004 5050 30.51189 .00005
2800 30.51019 .00001 5100 30.51193 .00004
2850 30.51023 .00004 5150 30.51195 .00002
2900 30.51026 .00003 5200 30.51199 .00004
2950 30.51030 .00004 5250 30.51203 .00004
3000 30.51034 .00004 5300 30.51207 .00004
3050 30.51037 .00003 5350 30.51210 .00003
3100 30.51040 .00003 5400 30.51214 .00004
3150 30.51045 .00005 5450 30.51218 .00004
3200 30.51049 .00004 5500 30.51222 .00004
3250 30.51053 .00004 5550 30.51226 .00004
3300 30.51057 .00004 5600 30.51229 .00003
3350 30.51060 .00003 5650 30.51233 .00004
3400 30.51063 .00003 5700 30.51237 .00004
3450 30.51067 00004 5750 30.51240 .00003
3500 30.51070 .00003 5800 30.51245 .00005
3550 30.51074 .00004 5850 30.51249 .00004
3600 30.51077 .00003 5900 30.51252 .00003

3650 30.51082 .00005 5950 30.51256 .00004
3700 30.51085 .00003 6000 30.51260 .00004

3750 30.51089 .00004
3800 30.51092 .00003
3850 30.51096 .00004
3900 30.51099 .00003
3950 30.51103 .00004
4000 30.51108 .00005
4050 30.51112 .00004
4100 30.51117 .00005
4150 30.51120 .00003 B.
4200 30.51124 .00004
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METHODS FOR PRODUCTION SCREENING FOR ANOMALOUS RESPONSES IN QUARTZ CRYSTALS
INTENDED FOR HIGH RELIABILITY APPLICATIONS

Patrick F. Godwin. Jr. and George L. Snider,
TRW Defense and Space Systems Group

Redondo Beach, California

Introduction 5. Identification of temperature slew rate effects
to isolate steady anomalies from pseudo (transient)

Many prime contractors and subcontractors have induced effects.
become aware of anomalous performance in crystal oscil-
lators and crystal filters in the past three years. Test Methods
Frequently these anomalies have gone undetected in
flight hardware in tests up to system integration and The test requirements stated above can be met by
launch vehicle/payload levels of testing. The most treating the crystal under test as a reference in a
frequent symptoms encountered in crystal filters are phase lock loop. Phase lock loop parameters can be
phase and amplitude discontinuities (e.g., signal drop- chosen such that crystal operation may be maintained at
out) over a limited temperature range. In crystal resonance relatively independent of crystal resistance
oscillators, the most pronounced effect is a frequency and operating drive level. This permits isolation of
jump which can vary from as small as one part per 100 the effects of each parameter in diagnostic activity
million (IE8) to 20 parts per million (PPM) occurring and production screening under conditions compatible
over a limited temperature range. with the intended application.

Anomalies appear to be a random occurrence in Three measurement implementations are described in
crystal production seemingly independent of supplier sufficient detail to permit each implementation to be
and may occur in 10 to 30 percent of production crys- emulated according to the needs of potential users.
tals. Anomalies are observed in temperature ranges as The three basic implementations are:
narrow as 0.10C and as wide as 20'C (see Figures 1, 2,
and 3 for examples from three crystal suppliers). The
point in temperature where anomalies are encountered 1. Combination of standard laboratory RF test
tends to be random within any given crystal design equipment including synthesizers, vector voltmeters,
(although systematic anomalies have been observed in double balanced mixers, amplifiers, counters, etc.
some instances). Anomalies can be induced by poor
design of oscillator or filter circuits or by poor 2. Customized test system using off-the-shelf ECL,
definition of crystal requirements (e.g., too high a TTL, and linear integrated circuits with optional ana-
crystal drive level or operation at a drive level not log X/Y plotter readout or microprocessor-compatible
specified to the supplier). Pseudo anomalies can also 8-bit latched digital outputs. This approach can be
be introduced by thermal transients which result from economically realized as a multichannel system.
conditions that are unreal for the proposed crystal
hardware application. Pseudo anomalies result from 3. Computer controlled \multichannel system
test fixture temperature slew rates which are far in utilizing standard bus programmable RF test
excess of temperature slew rates expected in an opera- instrumentation.
tional environment. Current supplier test methods
permit a significant number of crystals with anomalies The theory of the proposed test method will be
to escape detection, explained through a detailed presentation of the

customized test system implementation.
The objectives of this paper are to make the

general high reliability part user aware of the problem Figure 4 is a general block diagram of a phase
and to define test requirements and test methods which lock loop which is based on the use of a crystal as a
can be used to provide an effective screening of pro- "zero" phase reference at the desired operating
duction crystals to preclude the acceptance of units frequency. The basic loop consists of a voltage-
subject to discontinuous responses into hardware. controlled oscillator, phase detector, and feedback

amplifier. A double balanced mixer is used in con-
Junction with a 90 degree "lossy" delay line to act as

Test Requirements a linear phase detector. The crystal under test acts
like a series bandpass filter In a test circuit con-

The requirements of a crystal test method adequate figuration generally referred to as a if'circuit con-
to assure detection of anomalies include provision for: figuration. The dynamics of the control loop formed

results in frequency lockup at the zero phase frequency
1. Operation of the crystal at the energy level of the crystal.

(drive level) required by circuit application.
Phase change of the lossy delay can be on the

2. Identification and separation of resonant fre- order of 1 degree per megacycle at 85 megacycles.
quency shifts due to apparent crystal mass changes as Phase change of the crystal will be on the order of 50
opposed to frequency changes in test circuits induced degrees for a frequency change of 10 parts per million
by activity changes. at 85 megacycles. On a relative scale the lossy delay

line behaves as a constant 90 degree reference. These
3. Identification of resistance (activity) relationships are demonstrated for typical values in

changes. (The effect of resistance change is a func- Figures Sa, 5b, and 6.
tion of parameter sensitivity of application circuit.)

From Figure 6 the transfer characteristic of the
4. IdentificaJIon of temperature dependence with a "r" (zero phase reference of Figure 7) can be approx-

resolution of 0.05 C over any required test temperature imated from the computed phase versus frequency
range, response shown.
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lta Phase T Let
Delta Frequency

.500(r/1800) radians 
Li = 0.5 pH

(10 x 10-6)(85 x 106)(2w) radians/second and
1.63 x 1-4  radians

AF radians/second (1) C1 - 7.01 pF

Assume

A rough prediction of phase detector sensitivity = C
may be made by multiplying L and R inputs to the 11 Fixed * C~iode
balanced mixer (see Figure 7) (assuming inputs in
phase) and dividing by 90 degrees (r/2 radians). This Referring to Figure 8, at 15 volts bias, CD 5.15
igncres mixer losses and assumes square wave inputs. pF
Emitter-coupled logic swings based on the loads shown
in the circuit configuration of Figure 7 vary from 0.4
volts peak-to-peak to 0.7 volts peak-to-peak as a c C1 - CD = 7.01 - 5.15 = 1.86 pF
function of test frequency. These logic swings follow Fixed
the zero crossings of the w output signal and phase
reference input signal. The phase detector sensitivity If CD is biased at 10 volts, CD - 6.0 pF from
becomes: Figure 8. With the feedback loop open (i.e., Switch #1

in Figure 7 shorted) and the varactor biased at 10
volts, the VCO output frequency is approximately0.7 v x 0.7 v -544 my

900 10 Phase 1 1
0.7(0.7) = 0.3119 volts = K'd (2) F =-(5)

= 1/2 radian 2iV7L 2. 1(0.5 x 10"b)(1.86 x 10
-12)

F - 79.57 MHz at 10 volts bias

The amplifier shown in Figure 7 as a level and
translator and integrator has a transfer function .
response of 100/I[ + jw(Cl)]. Note that this stage CFixed o 1.86 pF

provides a dc gain of 100 and a single pole filter
(integration) response in the feedback loop. If the Note that a I pF changt results in a delta frequency of
amplifier response is lumped with the detector 85 x 10 - 79.57 x 10 = 6.03 mhz or an average scale
response, the overall detector response becomes: factor of 6.03 megahertz per pf. From figure 8 the

capacitance change from a bias voltage of 10 volts to
15 volts (saturation of the operational amplifier)

K'd = 100 vots 3 v / "31.19 vols (3) results in a capacitance change of 1 pf or a scale
_ F i radian) radian factor of I pf/5 volts 0.2 pf/volt. The total

transfer function "K0" of the VC0 for the circuitvalues chosen becomes: u  c

at loop phase error frequencies near 
dc.

The range of the voltage-controlled oscillator F 6.03 MHz 1.206MHz
requires restriction by broad range tuning and bias Ko = x M.---6

adjustment to preclude lockup during test at undesired

crystal resonance frequencies. Crystals can be induced
to oscillate at any of their resonant modes in a 7.577 x 106 radians/se
predictable manner where this is deemed desirable for I volt (6)
investigative purposes. These conditions are
predictable and are under simple manual or automatic
control by the operator. For the normal case (i.e., The control loop dynamics for the phase lock loop
test of crystal at its desired operating mode), the shown in Figures 4 and 7 may be summarized in the open
upper frequency limit of the voltage controlled loop incremental model shown in Figure 9. From Figure 9
oscillator is simply controlled to a value of frequency the total open loop gain at error fiequencles near dc
below that of the first spur (undesired response) above is
the main mode. Note that oscillator output amplitude
is unaffected by frequency change induced by voltage r100 (
input to the tuning section of the VCO (over a range of 20 lOglo x 1 x K x 91 dB (7)
interest in the test of any given crystal which is I = J(l) 0 EVI
typically much less than 100 parts per million).

The transfer function characteristic of the The loop has a simple 1 pole response with a 3-dR
voltage-controlled oscillator (VCO) is simply estimated frequency of 0.159 hertz.
as follows from the tank circuit parameters illustrated
in Figure 7 and the typical varactor diode pair It is useful at this point to summarize the
capacitance versus voltage characteristic shown in conditions for operation of the crystal under test
Figure 8. through the example of 85 megahertz crystal parameters

illustrated. A typical test procedure would involve
selection of LI, C and tuning of the VCO (with the

m85 megahertz -2 -- (4) feedback loop open, i.e., switch 1 shorted to ground)
with the output bias of the amplifier (input to
varactor) set to +10 volts dc. The VCO output
frequency under these conditions would be set to about
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79 megahertz. An "a priori" test (swept response of the "L" input of the double balanced mixer. The
the crystal) would indicate crystal spurs (inharmonic propagation delay specified for the 687 and 1692 is on
responses) in the neighborhood of less than 0.5 percent the order of (6 to 8) nanoseconds. The propagation
above the main mode (e.g., 100 kHz to 300 kHz above the delay from 687/MC1692 resulting in a phase lag appears
main mode). The fixed bias can be driven to +15 volts as a phase lead at Pin #7 (steady state due to
from this tuning point to verify that the highest inverting in the amplifier). (2) The output of the w
frequency of the VCO will be less than the frequency is coupled through a 50 ohm cable of sufficient length
corresponding to the first spur. With the varactor to match this delay (approximately 10 inches of RG
bias set to +10 volts, open the shorting switch and the 316). The cable is simply tuned to match the ECL part
loop will lock up on the main mode response of the delays by peaking the dc output of the double balanced
crystal. The loop is unconditionally stable over a mixer at the "I" output. This adjustment, when
wide range of operating conditions. Crystal drive completed in initial fixture alignment, remains
level may be simply computed from the input voltage to frequency independent. The amplifier shown in Figure
the 7r recognizing that the crystal is held at series 11 provides for scale factor and voltage offset ad-
resonance. The writers chose to use a separate hybrid justment. Voltage output polarity may be reversed by
wide band amplifier and power splitter to allow for a interchanging pin 2 and pin 3 of the OP-07 amplifier in
wide range of adjustment of crystal drive levels. Con- Figure 11. The voltage offset adjustment may be used
siderable latitude in location of the r (crystal under to null the detector output at some minimal value of
test) is allowed with this additional buffering. In crystal resistance in order to improve detector
addition, the values of circuit 7r resistors may be sensitivity to crystal resistance changes (allows
varied to set desired drive level. Again, the reader display by user with higher detector gain without "off"
is reminded that the objective is to test for scale performance of recorder).
discontinuity as opposed to absolute value measurement
and concern for absolute value correlation of data. Figures 12 and 13 illustrate a temperature
The VCO shown has a built-in amplifier option which may monitor circuit which has been found to track within a
be useful to the user with a limited screening 1 degree scale factor error at -55°C and +100 0C
requirement (this is a tuned amplifier stage). temperature extremes. A slightly more simple circuit

using a National Semiconductor LX5700 integrated
What does the reader do if other resistor values circuit temperature sensor in a TO-46 package exhibited

are chosen for the ir or if some idea of correlation in less than a 2 degree centigrade error under similar
measurement is desired? The writers in this paper have test conditions.
included an SR-52 program which accepts any combination
of 7r component values and predicts gain response, Note from Figure 10 that delta frequency in-
phase response, and crystal drive level in Table I. formation is directly available in analog or digital
The ir resistor network was scaled to provide a minimum format. The R plug-in resistor sets the counting
input signal of 5 mV peak (3.5 mV rms) to the input of interval (TI) fbr the difference frequency counter.
the squaring amplifier/comparator which forms an The counter reset pulse (T21 is available to generate
integral part of the phase detector. For a 200 ohm an interrupt request to a microprocessor,
crystal and the ir values shown, a minimum input to the computer/calculator, or minicomputer to indicate that
should be 163 mV rms. the latched dc outputs of the 93L08 latch are

indicating an 8 bit parallel digital formatted valid
Initial alignment is simply accomplished upon com- value of delta frequency. An 8 bit parallel-to-serial

pletlon of circuit fabrication by removing the capaci- shift register would be required to acquire the test
tors in the lossy delay line and adjusting coax line data in a serial digital format.
lengths to peak output of the detector. This alignment
should hold for any test frequency. The lossy delay Figure 14 describes a simple TTL circuit which
line is simply calibrated by adjusting the capacitors can be used to translate temperature and crystal
to yield minimum detector output with the feerdback resistance data from analog to digital format. The
loop open. An SR-52 program is included in Table I digital data can be supplied in 8 bit parallel or
which can be used to compute lossy dela., unit select- serial format from the circuit in Figure 14 (as shown)
in-test capacitor value- which will yield 90 phase to be compatible with a microprocessor,
shift at the test frequency. (For equal value select- computer/calculator (e.g., HP9825) or minicomputer
in-test capacitor values and resistors as shown this interface. An 8 bit serial output is available at the
becomes a one line computation as shown in Figure 5a.) serial output of the 2502 (25L02) successive

approximation register (SAR) during the first 8 clock
The preceding presentation defines a circuit which intervals following a data request (start) signal from

establishes the crystal under test at a desired mode of a microprocessor. Data is valid in 8 bit parallel
operation (main mode or spur) in an unconditionally digital format in the clock interval following the end
stable phase lock loop. The frequency output of the of conversion signal from the 2502 (25L02) SAR. CMOS
voltage controlled oscillator is dominated (or integrated circuits are becoming available (e.g.
controlled) by the series resonance frequency property AD7570) to supply the total analog-to-digital converter
of the crystal under test. Crystal frequency can be function (typically CMOS circuits are less tolerant of
;imply monitored by use of a linear counter type. handling abuse in test circuit fabrication but are
discriminator illustrated in Figures 4 and 10. Crystal otherwise desirable).
resistance can be monitored by detecting output voltage
from the ir circuit shown in Figure 7 through a coherent If the reader were to compute output voltage of
detector described in Figure 11. Note that with the the crystal as a function of crystal resistance with
loop in phase lock the steady state RF voltage output i phase shift nulled to zero, it would be apparent that
of the v is determined by the voltage divider formed by output voltage is not a linear function of crystal
the fixed resistors shown and the crystal replaced by resistance. The input voltage to the test circuit is
its equivalent series resistance. This r output is independent of crystal equivalent resistance (i.e.,
coherently detected by the circuit shown in Figure 11 stays constant). Therefore, for a fixed amplitude
in the following manner: (1) The zero crossings of the input at crystal resonance a calibration curve can be
r output are detected and amplified by one-half of the generated for use in a direct analog display. A simple
dual 687 ECL comparator and one-fourth of the 1692 ECL conversion table can be generated digitally from a
line receiver and fed as a constant amplitude input to calibration curve in a number of ways. One simple

so
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implementation within a computer is to use a look-up test a number of crystals which are concurrently being
table. An alternate scheme would use a PROM with the exposed to temperature change, each crystal under test
digital encoder output of the applied to the address can be supported in a separate closed loop circuit such
lines of the PROM and the data in the address location as that shown in Figure 7 to minimize test time as
of the PROM reflecting the true value of resistance determined by circuit settling time response.
derived from calibration.

Some suppliers have found it desirable to check a
Summing Up Custom System Test Method number of crystals concurrently by use of a turret type

mechanical switch handling a load of crystals or by use
Recurring tuning requirements include the LC tank of an electronic RF switching array. The principal

for the ECL oscillator and a capacitor for the 'LOSSY' impediment to continuous temperature response type
delay line. Each selection can be based on a 1-line testing with these implementations is the response time
computation for any given crystal type. The parts associated with measuring each crystal response from no
required are generally available to anyone interested excitation to switch closure (selection of crystal
in their procurement. For users with a single crystal under test). The use of predictive techniques to en-
type to be screened, certain economies are obvious. hance measurement response has now .ye been implemented
For example, the tuned amplifier stage in the ECL in computer software by at least one supplier.
oscillator can be used to increase signal input power
in lieu of use of the thin film wide band hybrid Each measurement can start with a crystal input
amplifier (trading-off one more tuning step for an frequency which is relatively wide of the mark for
additional component). A simple method for making the crystal resonance at the test temperature. Over the
crystal lock up in an unconditionally stable loop is relatively wide span in temperature between turning
demonstrated. Control loop frequencies which introduce points crystal frequency change is quite predictable
additional phase shifts are avoided (e.g., frequency for a given lot and specified turninq point tolerance.
range where compliance of crystal is frequency Except when an anomaly is impacting response of the
dependent (generally over 20 kilohertz) as evidenced by crystal, successive measurements at contiguous temper-
many voltage controlled crystal oscillator input atures could begin with test frequency programmed
frequency constraints). Settling time (for the case virtually "on the mark" with respect to frequency of
where a crystal is maintained in a closed loop as shown ..0. phase response. This approach to minimizing
in Figure 7) is easily verified empirically for any measurement response time requires a frequency source
given crystal. Settling time can be a significant which can be modulated (switched) at a rate which is
factor involved in determining the length of time fast relative to crystal response times. This approach
required to perform a test while maintaining temp- also requires more of the test computer in memory with
erature continuous in its variation through the test faster access times and computational capacity. It
(e.g., temperature steps less than 0.1 degrees also requires more sophistication in making the
centigrade). By simply removing the shunt across the measurement time "adaptive" in proportion to the null
20 pF capacitor in the 7r (see Figure 7) loop response error sensed and rate of closure to a null with each
time can be visually monitored on a recorder. The loop measurement.
time constant set by the integrator is I second in the
example shown. This translates to setting an Some current computer controlled test systems tend
acceptance limit to 70 percent of the specification to avoid "continuous" measurements of frequency versus
value if it is desired to sweep temperature at a rate temperature and resistance versus temperature.
of 0.05 degrees per second and still screen anomalous Temperature is allowed to stabilize on the order of 15
responses within a specified acceptance limit. The L/R minutes prior to each set of measurements. Emphasis is
time constant for the sample3 85 MHz crystal shown is on placed on absolute value data and no special effort is
the order of 6.5 x 10- henries/5 ohms 1.3 evident in reducing measurement time to improve
milliseconds. The L/R time constant for a 5 MHz "throughput" with respect to screening production
frequency standard crystal could well be on the order quantities of parts. Continuous temperature testing by
of 25 henries/5 ohms - 5 seconds. In one instance the high reliability crjstal suppliers tends to be defined
time constant of the integrator dominates settling time as measurement at 3 F intervals for the "turret type"
response. In the other case it does not. In either computer controlled test system. In the writer's
case, the empirical test described is an easy way to opinion this is a grudging recognition that this level
bound measurement response time requirements for a screen would have detected crystals with anomalies that
given class of crystals. caused holes in the response of crystal filters

intended for high reliability UHF communications
receivers in satellite communication's systems.

Generalizations Which Can Be Applied To Computer
Test Method Crystal product suppliers for outstanding

procurements of parts for the DSCSII Satellite
Each of the basic elements in the custom system Communication System have accepted a requirement to

described can be replaced by certified, commercially screen crystals over temperature with test points at
available, computer bus oriented units of test 0.05 C intervals being accepted as a continuous
equipment. Many frequency synthesizers can be operated measurement. Figure 15 illustrates the effect of
in a voltage controlled oscillator (VCO) mode. A crystals with very narrow temperature anomalies which
tracking receiver or vector voltmeter can be utilized were screened out by one oscillator supplier by tests
as a phase detector and RF voltmeter and finally, conducted at an oscillator level of assembly. Note
period type counters such as the HP5345 allow for that two out of three crystal responses shown in Figure
accurate direct frequency readout. 15 exhibited anomalies on the order of 10C. The

oscillator responses shown were subsequently verified
The same loop stability constraints apply when to be a result of a narrow band of temperature

measuring crystal parameters under computer control as anomalies in the crystals used in the oscillators.
apply for the custom system. Minimum measurement Test times for the examples shown in Figure 15 were 19
settling time will prevail when the crystal under test hours. Minimization of test time was not a significant
is maintained at resonance in a closedloop circuit such factor considered In establishment of this particular
as that shown in Figure 7. If a computer is used to test.



Generalizations Applicable To Test Method Using function in the manner described for te customized
Current Standard RP Test Equipment circuit (i.e., present 0 dc output for 0 phase shift

across the crystal in the r). Control loop dynamics
can be verified in the same manner empirically as

The same control loop dynamics apply as for the described for the customized test circuit method (e.g.,
custom circuit approach described. It has been removing the shunt across the 20 picofarads shown in
empirically discovered that certain frequency thei and observing settling time response on an analog
synthesizer and vector voltmeter combinations are dc recorder). Unless the frequency synthesizer sweep
compatible to the extent that they can function as a range in a Vr0 mode is limited in the same manner as
voltage controlled oscillator and phase detector with a described foJ the customized circuit, the test techni-
simple capacitor used to form a passive integrator cian may require several trials to cause loop closure
(developing a loop with a single pole response) (e.g., following the "main" (desired) mode response as opposed
Figures 16, 17, with 18 and 19.) The synthesizer must to loop lockon a spur (inharmonic) response. Lack of
have a low FM present in its output to prevent "washing limiting VCO range can result in the loop "jumping"
out" narrow frequency band effects. The vector modes in response to a transient disturbance (e.g.,
voltmeter should be used with a 90 degree offset to power supply interruption or noise).
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EXTENDING THE FREQUENCY RANGE OF THE TRANSMISSION LINE METHOD FOR THE

MEASUREMENT OF QUARTZ CRYSTALS UP TO 250 MHz

R.Fischer, L.Schulzke

KVG - Germany

Summary Introduction

The transmission line method according The commonly used layout of a trans-
to IEC 444 has proven in practice as an mission line setup for the measurement of
efficient way to measure quartz crystal para- crystal parameters in the frequency range
meters in the frequency range from 1 to from 1 to 125 MHz is shown in Fig.(2): The
125 MHz. Accuracy and repeatability of RF-generator, mostly a synthetizer with a
measurement are superior to any known active selectable decade stage running in VCO-mode,
method with test oscillators and come close feeds via a power splitter the two channels
to the results obtained with sophisticated A and B. Channel A is the reference path for
bridge arrangements, which are still the the phase meter, whereas channel B keeps the
standard for fundamental laboratory work. The transmission line network. Both channels are
closed-loop transmission line system is, in trimmed to the same electrical length and
conjunction with a programmable synthetizer have 50 ohm terminations, where the test
and phase meter, perfectly adaptable to a probes of the vector voltmeter are attached.
computerized high-speed measuring system for The residual phase vs. frequency change in
production and quality control, the order of 1 to 2 degrees over the full

frequency range can be corrected by the
With increasing frequency the complex phase offset control of the vector voltmeter.

admittance resonance circle of the crystals The servo output of the phase meter is fed to
2-port equivalent circuit moves away from the a search and lock circuit, which generates
real axis, as shown in Fig.(1); for frequen- the VCO-control voltage of the closed-loop
cies, where the susceptance Bo of the static system for zero phase difference between the
capacitance exceeds 1/2 RI there exists no channels A and B.
intercept with the real axis and hence no
zero-phase transmission any more. Below this The electrical configuration of the
critical frequency, fr and Rr, per definition 2-section transmission line network is given
the characteristic low impedance figures for in Fig.(3): The resistance values are de-
zero-phase transmission, can be measure( signed for a maximal refledtion coefficient
easily, but determination of the motioncl of 2 % and power matching is obtained with a
parameters C1, L1 and RI becomes strongly crystal resistance of Rr = 25 ohms. With
erroneous due to the influence of Co . reference to the graph in Fig.(3) variations

of Rr to higher figures have a less pronoun-
Compensation of CO by a tuned parallel ced effect onto the crystal drive level, al-

inductance was proposed to overcome this though a higher resolution, i.e. phase vs.
problem. Provided the Q of this compensation frequency change, is achievable with lower
inductance is inherently high, this Co-can- impedance networks.
cellation returns the centerpoint of the
admittance circle exactly onto the real axis Netwcrk calibration correctly should be
and direct access to the motional branch done by insertion of a frequency compensated
parameters of the crystal is given, resistor, practical use however, with only

slight degradation in accuracy, is insertion
This paper describes an electrically of a shortcut. After zeroing the phase meter

tuned compensation circuit, which is directl4. the drive level is set to the est-mated Rr of
connected to the knife-edge contacts of the the crystal by setting Vbs to
7! -network and permits cancellation of Co
over a frequency range from 100 to 250 MHz.
It consists basically of a symmetric #ricap
capacitor and a parallel-line inductance with Vbs= q183(R,.25) [N
a simultaneously tuned shortening citacitor rr
at its end. Besides the circuit ana sis a
detailed description of the calibration and
measuring procedure is given for the compen- After inserting the crystal, its Rr can be
sated transmission line network taking into calculated from the appropriate Vb-reading by
account the finite Q of the wmpensation cir-
cuit and its influence on the determination
of frequency and motional parameters. Rr z V ) -25 [2]Vb(O)

Although this compensation method is not and the actual power dissipation of the
yet evaluated to its full extent, especially crystal becomes
with respect to distributed reactances, it
seems to be a promising aolution for the R (3]
measurement of VHF-crystals by the trans- P. Z 0,0 Vbs * [3]
mission line principle and can be easily
adapted to existing equipment.
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Until now anything is correct: By definition in Fig.(4) for crystals in the fundamental,
fr and Rr are the characteristic frequency 3rQ and 5th harmonic mode. The errors become
and resistance of the purely resistive crystal noticable in the 3rd overtone and reach un-
for the low-impedance case. Their deviation acceptable figures in the 5th harmonic mode.
from the motional branch parameters fs and Rr These errors are principal ones and have
is systematic and can be taken into account, nothing to do with the excellent correlation
The normalized frequency offset between fr achieved between different transmission line
and fs is setups.

2r Here we touch the core of the problem when
-2 2[I] discussing bridge vs. transmission line mea-

surements: Not so much correlation of the
C0/CI  G0 / 5 R1 C1  X0 =I/WsC0  frequency measurements is the problem,because

of the high Q of the crystal the differences
are sufficiently small for most practical

As long as the susceptance Bo = l/Xo of the purposes or can be corrected by an error ana-
static capacitance is negibly small, the lysis. Main problem is the erroneous deter-
motional branch parameters R1, Ci and LI can mination of motional parameters by phase-
be determined by the transmission line method, offset methods due to the uncompensated Co,
Under this provision is which must give physically wrong results in

comparison to bridge measurements with in-

fr n fs R, : RI  (5] creasing frequencies.

The bridge method eliminates this error

The effective Q of the crystal, loaded by the by the initial balancing procedure and then
25 ohms of the network then becomes measurement access is given directly to the

motional arm. A way to solve this problem for
I f m__f__[6] the transmission line method was proposed byRs125 w5 C,(R 1 25) Af3db f Mf5 [6 Franx (Ref. 1) by measuring the complex ad-mittance by a multipoint method and then cal-

culating the parameters, including Co . As a

Qeff then can be calculated from the measure- closed mathematical does not exist, the
ment of the relative bandwidth at 3 db atten- results have to be determined iteratively and
uation or at 1 450 phase offset. The motional the method is therefore restricted to systems
capacitance and inductance then are linked to a high-speed computer. A further

disadvantage is, that fs and R1 are calculated
C f5 ) I figures and cannot be measured directly.

C I f- 2T fs2( RI .25) tL1 - [7] Compensation of CO seems to be the sim-
plest way to get direct access to the motio-

Especially for automated measurement proces- nal branch, the results obtained then should
sing a more accurate determination of the come closer to those of bridge measurements
motional parameters can be derived from the (Ref. 2), (Ref. 3).
analysis of the complex crystal impedance in
series with its termination by the transmis-
sion line network. By taking 2 readings of
Vb and frequency at opposite phase offsets
of AW one obtains

Layout of the Co-Compensation Circuit

R, Vbs -COSII - ) 25 [8)Vb( }- Vb(-,p) An attempt was made to construct a net-
work with an adjustable Co-compensation. The

f _ _____ Vb__ _)_Vb(___ )  evaluation was projected towards the measure-
Cj ment of VHF-crystals, where the conventional

I s25tsn p Vbs(f(.p) f(-,p)) 2  network, depending on its construction, has

an upper frequency limit around 125 MHz.

L I n 5 Because the transmission line network is
" f() V{ Vb-} a symmetric device with reference fror the

crystal terminals to ground, the compensation

Equations (5) through (8) are exactly circuit was designed for the same symmetry.
valid only under the provision of a neglibly When considering stray reactances of the crys-
small susceptance 1/XO or of CO being com- tal and the compensation circuit, these reac-
pensated. In other words: When the motional tances are in a bridge arrangement and only

parameters are measured by opposite phase- their differences are of major importance.
offsets from zero-phase transmission, the
resonance curve of the crystal becomes non- The principle of the Co-cancellation is
symmetric and one gets differing Vb-readings derived in Fig.5): Co can be compensated
due to the vertical shift of the admittance according to Fig. (5.a) by a parallel induc-
circle. The theoretical errors resulting from tance Lo , which is resonant with CO at or
this were computed by an analysis program of close to fs. Compensation is still achieved
the complex crystal impedance loaded by the if LO is replaced by the parallel resonance
transmission line network, which was assumed circuit consisting of Lp and Cp (see Sb),
to be purely resistive. The results are given the resonance condition at f.s as then to be
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fulfilled by (C +Co). Because of the above both wires can be calculated by
mentioned symmetry reasons the basic configu-
ration according to Fig. (5.c) was chosen,
where the electrical circuit is shown in Fig. 2L z 1 (4In ) i0- 9  [16]
(5.d) with varicaps instead of the variable

capacitors Ca and Cb.
The tuning characteristic was analyzed

Actually the compensation circuit con- by
sists of the variable capacitance Ca/2 paral-
lel to Co and the inductance 2L, in series of
which the simultaneously tuned shortening C V , sttic caocitae (q25pF)
capacitor Cb/ 2 is placed. By folding the cir- CkpF. Cp. (revrs olta [17t
cuit about its plane of symmetry the equi- 4k coct pntial (q7vIts)
valent schematic of Fig.(5.e) is derived; for
the lossless case its complex impedance must
be purely reactive and is The planar type BB 109Q (Siemens) with K=94.5

and n=0,90 was chosen and the hyperabrupt
wL I MV 1403 (Motorola) with K=920 and n=1,67. For
2 - r reverse voltages from 12 to 2 volts Ca chan-

Z = j. 2 W  I 10 \  ges from 19 to 77 pF and Cb from 18 to 175 pF.
I -0 (4C0.2C.) The measured characteristic in Fig.(7) shows,

that for CO up to 7 pF the range from 100 to
250 MHz is covered.

and the effective reactive components for the
resonance condition at fs can be written By defined capacitive detuning and obser-

vation of the resonance shift the effective

Lp L/2 (101 reactances were measured

Cb L- c4O-2i AC IW -L ( C[2C )811
Cp Cb (2b 2]

and plotted in Fig. (8): The chosen configu-
ration undergoes a 1:5 change of inductance

According to general network theory such Lp and has a relatively stable S-shaped ef-
a device has a pole impedance at zero fre- fective capacitance Cp.
quency and a zero and pole with increasing
frequency. By solving Eq. (9) for these con- The loaded Qp of the compensation cir-
ditions we obtain cuit can be measured by plotting the phase

vs. frequency characteristic, an example is

W2  Ws21 /LCb [12] given in Fig. (9) for 166 MHz: The maximum
slope at resonance is 4,1.10-5 degrees/Hz,
if we assume a crystal with Q = 50.000 the

for the series mode and measurement over its bandwidth would create a
total phase error of 0,14 degrees originating

S/LCb 2CopCa [13] from the off-resonance reactances of the com-
P
2 : \
2  CaCb* 2C0 L pensation circuit. As Q is directly related

to phase change, the low Qp of the compensa-
tion circuit affects phase measurements of

for the parallel resonance mode. Both modes the crystal only by a factor Qp/Qc.
are related to each other by

Under these assumptions the compensation
circuit can be replaced by its parallel loss

Wp - Ws f*. C.Cb [I] resistance Rp, and this can be considered to
2Cb be frequency independent within the frequency

range of consideration. With this statement
measurement and calculation of the motional

Wp ws :k fS 122 W, frCbOCa [15] parameters is greatly simplified. In Fig. (10)
2 QD and Rp are plotted over the frequency

r nge considered here: R figures in excess
i.e. the unwanted series mode can be placed of 1000 ohms are achieves with a maximum of
20 % below the desired high-impedance parallel Q at 225 MHz, which of course would be better
resonance mode, low enough not to affect the placed in the middle of the operating fre-
crystal measurement in the narrow bandwidth quency range.
of consideration.

The mechanical layout of the compensation
circuit is sketched in Fig. (6): The parallel- Calibration and Measuring Procedure
wire inductance is directly attached to the
contact blades of the transmission line net- Because of the above reasons the low-Q
work. For the wire length 1, the center-to- compensation circuit is replaced in the fol-
center distance a and the wire radius r (in lowing considerations by its parallel loss
millimeters) inductance of the parallel line resistance Rp and this is assumed to be pure-
for the same amounts of current flowing in ly resistive and frequency independent. Under
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this provision the crystal with the parallel circuit to minimum Vb or zero
compensation circuit and the terminating re- phase reading. The parallel loss
sistance Rt of the transmission line network resistance Rp is then calculated
can be comprehensed to the equivalent circuit from
of Fig.(11): The complex impedance Zm of the
motional arm of the crystal can be written in , Vbs 1i
the form Rp =-) Rt [26\Vb~min)

ZM m RIWL [3
W _ s W, 2 - I/L CI

where Q W - Step 3: Next the generator is tuned to

the crystal frequency and locked
at zero phase, then is

introducing w ws - Aw Aw/ws <i

Zm of Eq. (19) reduces to f I f-ZoR

Zm = R j 2 AWL1  [z2] Z0 _ ( Vb(sI) [27]

The complex impedance of the compensated

crystal in series with the terminating resis- where Zo is the resistance re-
tance Rt of the network now becomes sulting from paralleling R1 and

Rp in the zero phase condition.

Z - Rt . Rp [(R12 RIRp.4Auj2LI2).j(2AwLiRp)] [1
(RI Rp)2 L(2 ),Lj 2 [21] Step 4: Finally two frequency measure-

ments are made at identical
positive and negative phase

The phase angle of this impedance is offsets, the offset angle pre-
ferably should be not larger
than half of the figure maximal-

(2AWLI,'(Rp+Rt).R P R1
2.R2 RI Rt(RI.Rp)2  22] ly attainable. The remaining

(2wac mP
2  [ notional arm parameters are then
) 2calculated from

and its maximum Rp2 ctg - YRp'ctq'p-4B(Rp Rt)
LI =

& B ( Rp R t )" T ( f( ,p)"f(-,p)) ( RVRt )

ym = arc ctg- p2  [23] C1 - IIW= Ll 0 -wsLI /RI [28]

B = Rp R12. R12 Rp+ R12 Rt+2R 1 Rt Rp. Rt Rp
2  [24] with B taken from Eq. (24).

From Eq. (22) now the motional induc-
tance of the crystal can be extracted

Although these formulas are looking some-
what lengthy for practical use, the compu-

Rp2 ctgy ±YRpctg2kp-B(Rp Rt) r tations are a matter of seconds with the
4 A]W(R p -i aid of a programmable pocket calculator.

For the low impedance case around series
resonance the positive sign of the root is
related to negative phase angles and vice
versa.

The calibration and measuring procedure
with the compensated transmission line net-
work is carried out in the following steps:

Step 1: With a shortcut inserted into
the network the drive level is
set by adjusting Vbs according
to Eq. (1).

Step 2: After inserting the crystal the
generator is set slightly below
the crystal frequency (about
100 kHz). CO is then cancelled
out by tuning the compensation

mo



Conclusion References

This paper shall be an attempt to in- 1: Report on Basic Methods of Measurement of
prove the principle of the transmission line the Parameters of the Equivalent Circuit
method for the measurement of quartz crystals of Quartz Crystals and Piezoelectric Reso-
in 3 respects: nators.

Private Communication (1971).
1. To extend the frequency range for

the measurement of VHF-crystals 2: E.Hafner, A.Ballato, P.Blomster: Quartz
beyond the limit given by the sus- Crystal Measurements.
ceptance of Co. Proc. of the ASFC (1970), pp. 177-190

2. To evaluate a system which gives 3: E.Hafner, W.J.Riley: Implementation of
results close to the actual appli- Bridge Measurement Techniques for Quartz
cation, as Co-compensation is widely Crystal Parameters.
used in VHF-crystal oscillators. Proc. of the ASFC (1976), pp. 92-102

3. To overcome the problem of errone-
ous measurement of the notional
parameters by the widely used phase
offset method.

The third point until mow was considered
for VHF-crystals only. With the results ob-
tained we now think to apply this principle
also at frequencies below 100 MHz to achieve
a better agreement with bridge measurements.
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OVENLESS ACTIVITY DIP TESTER

A. Ballato and R. Tilton

US Army Electronics Technology and Devices Laboratory (ECOM)
Fort Monmouth, New Jersey 07703

Summary linear superposition of the separate modal admittances.
With temperature changes it is possible for the two

Anomalies in the frequency- or immittance- resonance frequencies to cross and produce an anomaly.
temperature characteristic of a resonator are called Linear activity dips have been described by Wood and
"activity dips" or "bandbreaks." These anomalies are Seed

4 
and by Fukuyo etal.

2

generally conceded to be caused by various combina-
tions of different modal frequencies coming into Nonlinear activity dips are less well understood
coincidence at particular temperatures because of dif- and perhaps more important. Wood and Seed

4 
found the

fering temperature coefficients. The presence of AT-cut fundamental thickness shear frequency to be
activity dips is a persistent problem and necessitates affected by interfering modes at twice its frequency;
a good deal of costly testing for medium- and high- Franx

3 
observed the same type of coupling due to a mode

precision resonator units, at three times the fundamental. Birch and Weston
6

investigated both cases. Koga
5 

found the twenty-first
The modal interference that takes place may be harmonic of contour extension interfering nonlinearly

either linear or nonlinear, and a variety of mechan- with the thickness shear fundamental. Similar results
isms leading to this phenomenon have been reported.

1- 6  
were obtained by Fukuyo et al.

2  
In all cases the sen-

sitivity of mode coupling to power levels is a charac-
The effect of inserting a capacitor in series teristic of the nonlinearity. Hafner found that the

with a crystal is to shift all resonance frequencies anomalies encountered at the fifth and seventh har-
upward by amounts roughly inversely proportional to monics were nonlinear in nature and depended on the
the capacitance ratios of the modes involved. As a electrode film as well as the quartz.
result of this and because the interfering modes have
differing temperature coefficients and capacitance The effect of inserting a capacitor in series with
ratios, it is possible to alter the temperature at a crystal is to shift all resonance frequencies upward
which a dip is produced. By using an adjustable by amounts roughly inversely proportional to the
capacitance network, the activity dip spectrum may be capacitance ratios of the modes. The temperature
electronically swept while the temperature remains coefficients of the various modes are similarly
constant. The time-consuming and costly frequency- altered. As a result of these facts, and because the
temperature oven runs presently used for detecting interfering modes have differing temperature coeffi-
activity dips may thereby be replaced by an all- cients, it is possible to alter the activity dip tem-
electronic, constant-temperature procedure that is perature by a series load capacitance. By using an
rapid, simple, and well adapted to microprocessor adjustable capacitance network, the activity dip spec-
control. trum may be electronically swept while the temperature

remains constant. In effect, the time-consuming,
This paper outlines the theory of operation, the costly, frequency-temperature oven runs presently used

required measurement setup, and sample results on for detecting activity dips are replaced by an all-
crystal test units, electronic constant-temperature procedure that is

rapid, simple, and well adapted to microprocessor
Introduction control.

Anomalies in the frequency- or admittance- Frequency-Temperature Spectrum
temperature characteristic of a resonator are called
"activity dips" or "bandbreaks." At least two dis- In Figure 1 we show a portion of the unwanted
tinct species exist: "design-related" dips and mode spectrum of a quartz resonator, a function of
"process-related" dips. The latter type arise from temperature, obtained by Fukuyo et al.' This pains-
shortcomings in the processing phases, where, for taking work shows clearly how various responses may
example, an improperly deposited electrode film peels drift into coincidence at particular temperatures due
or blisters in a reversible, temperature-dependent to differing temperature coefficients of frequency.
manner; these are not considered further here. The responses shown are those detected piezoelec-
"Design-related" activity dips are those for which the trically. It is also possible to drive indirectly
structural configuration remains unaffected by tem- nonpiezoelectric modes that would not appear on such
perature changes, but instead depend solely upon a chart and yet whose presences could produce
geometry and material constants. The presence of anomalies. This is particularly true of nonlinearly
"design-related" activity dips is a persistent problem coupled modes.
and necessitates a good deal of costly testing for
medium- and high-precision resonator units. Doubly Series Load Capacitance
rotated cuts generally could be expected to have even
more problems in this regard than AT-cuts since they In the vicinity of the main, desired mode, a
exhibit less symmetry and have, therefore, a more crystal resonator is adequately represented by the
complicated mode spectrum when lateral boundaries are Butterworth-VanDyke equivalent circuit in Figure 2.
taken into account. An exception appears to be the The effect of inserting a load capacitor CL in series
SC/TTC orientation

7- 10 
for which activity dips have with the crystal may also be represented by a circuit

yet to be encountered.i
t  

of the same form, but with modified values. The appro-
priate formulas are also given in Figure 2.

The modal interference that takes place may ;e
linear or nonlinear. If the impressed voltage can The important fact is that the crystal resonance
drive the desited thickness mode and at the same time frequency fA f

- 
is shifted by the load capacitor to

drive a harmonic of a flexural mode, e.g., then the a higher frequency fL" The load frequency fL depends
vibrator admittance will reflect this fact as the
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upon CL through the fraction a and upon the crystal along with the fundamental curve for the purpose of

capacitance ratio r. For an AT-cut operated at the determining how the dip temperature would change with

fundamental, a typical value for r is 250, so that fL CL. The "virtual" curve would appear like one of the

could be pulled up to 2,000 ppm by extreme changes in straight lines in Figure 4, whereas Zhe actual inter-

CL. An interfering node, on the other hand, is apt to fering mode would appear at some harmonic frequency
have a very large capacitance ratio and so would be off the scale of the plot.

shifted very little by the presence of CL. This would
be the case with modes such as the high overtones of Activity Dip Scanner
flexure

12
; nonpiezoelectric modes would be completely

unaffected by the presence of CL. Because the effec- Our observations concerning the effects of putting

tive capacitance of the thickness modes, such as the a load capacitor in series with a crystal resonator in
desired AT-cut shear mode, varies with the square of an oscillator provide a method for trading off temp-
the harmonic, the overtones will shift correspondingly erature scans, in search of activity dips, against load
less than the fundamental. The same is true of their capacitor scans. That is, adjustment of CL can be
nonlinearly produced subharmonics. used to replace changes in temperature.

The series load capacitance thus shifts upward the A series CL is currently made use of for:
different modes by different amounts. Accordingly, the
points of intersection of the modes (cf. Figure 1) will * Measuring crystal CI;
also change. This is the basis upon which the test

method rests. * FM, by using a varactor;

* Compensating the frequency-temperature
Figure 3 contains "hot plots" made of a 20 MHz crystal characteristic in TCXO's.

resonator. The upper S-shaped curves are plots of
frequency versus temperature and are typical of AT-cuta We now propose to use the effect to permit electronic
The lowest S-curve was measured without CL and labeled scanning of activity anomalies. A block diagram of an

fR" It has an anomaly marked by an arrow at about activity dip scanner is shown in Figure 5.
78

0
C. The corresponding curve of grid current (pro-

portional to the crystal admittance) is marked RR, and The program control*signal processing (PCSP) block
also exhibits an anomaly. When a load capacitor CLI is implemented either by a microprocessor or by a pro-
is placed in series with the crystal in the oscillator, grammable calculator and data interface. It controls
the curves iLl and RLI are produced. Now the activity the sweep generator as well as receives resistance and
dip has been displaced downward in temperature to frequency information for processing. A completely
approximately 58

0
C. Substitution of a smaller capaci- instrumented system would include provisions for

tor CL2 is seen to shift the activity dip anomaly fur- acceptance/rejection of the unit for activity dips,
ther downward in temperature to about 44

0
C. The down- evaluation of crystal parameters, output of results,

ward shift in temperature for the anomaly means that and control of the crystal unit input and output flow
the temperature coefficient of the interfering mode is through the scanning apparatus.
negative. Assuming that the resonator in question had
r = 250 would mean that the interfering mode had a The sweep generator supplies the sawtooth voltage
temperature coefficient of about -5.6 x 10-61K. to both the X-axis of the scope and the varactor net-

work. The varactor network responds to the voltage
The Af/f scale provided on Figure 3 pertains to changes of the sweep generator and produces the vari-

each of the S-curves individually; the vertical sepa- able CL which is in series with the crystal unit

ration between S-curves has been greatly reduced so under test.
that they could be compared more easily. The resist-
ance curves have been similarly displaced for clarity, The oscillator requires care in its design, but
and relative position is unimportant. details will not be gone into here. One must be sure

that the sought-for anomalies originate in the crystal
In order to see more clearly how the activity dip and not in the oscillator, so that unwanted frequency

temperature shifts refer to Figure 4; at the bottom is components must be strongly discriminated against.
a frequency-temperature curve of a crystal vibrator at Depending on the type of crystal units and the string-
resonance, without CL. On the scale of the drawing ency of the testing required, it may be adequate to use
the curve is nearly horizontal; so to keep in mind its a standard CI Meter as the oscillator. We need only
S-shaped familiar character, its vertical scale has assume that the oscillator is such that it adjusts its
been exaggerated by a factor of ten. Two curves rep- frequency such that the crystal-load capacitor cnmbi-
resenting unwanted, interfering modes have been drawn nation operates near or at its zero reactance point at
to intersect the S-curve at a common point located at fL" Provisions for maintaining the drive level of the
80

0
C. With a series capacitor attached, the S-curve crystal constant as CL is varied should also be con-

moves upward by 2000 ppm and the points of intersec- sidered In any embodiment of Figure 5.
tion now occur at lower temperatures. The mode with
coefficient of -60 ppm/K produces a dip at 48

0
C, and The oscillator frequency output is mixed with a

the -20 ppm/K mode would produce a dip instead at reference oscillator operating at the nominal frequency
-230C. of the crystal under test. The difference frequency is

applied to a frequency discriminator, whose output is
It is important to note that the interfering mode displayed on the Y-axis of the scope.

need not be actually present as shown in Figure I or
Figure 4. It is only necessary that the harmonic or A system simpler than that of Figure 5 results
subharmonic producing the disturbance be represented from the elimination of the PCSP unit, and operation of
as shown in Figure 4; the curve would thus be a the sweep generator in a free-running mode.
$"virtual response" on the figure. For example, Franx

3

observed nonlinear coupling due to a mode at three The following instruments were used in a simple
times the fundamental. If this interfering mode were test setup for determining the feasibility of the

to have its temperature behavior mapped and then have method:
its frequency divided by a factor of three, it could
then be drawn as a "virtual response" on a figure

10.



" Sweep generator: HP 3300A Function from the placement of inductances in series and in
Generator parallel with the crystal. The series inductance

("stretching coil") lowers the first reactance zero.
" rf oscillator: Crystal Impedance Meter A parallel inductance shifts the pole at fA upward.

TS-683/TSM (with low drive modification) A series varactor with series/parallel inductor moves
ffrom below fRto abovefA

" Frequency discriminator: GR 1142-A

Frequency Meter and Discriminator The series and parallel inductances can be elec-
tronically switched in and out of the circuit using

* Reference oscillator: HP 5105A Frequency PIN diodes controlled by the PCSP unit in the
Synthesizer and HP 5110B Synthesizer Driver automatic measurement mode.

" Mixer: HP 10514A Double Balanced Mixer. From the point of view of network theory, the
pole-zero shifts allowed are large; the limits imposed

Examples of the type of outputs obtained with the by the physics of the crystal vibrator are more strin-
simplified setup are shown in Figures 6, 7, and 8. gent. Leaving aside all considerations of sensitivity
These show line drawings taken from actual scope of the system (Figure 5) on the detectability of
photos. In all cases the temperatures Ti and power activity dips, the major factors are the amplitudes
levels Pi follow the relations: T < T9 < T3 and P1 < of vibrator displacement and strain and the magnitude
P2 < P3. In Figure 6 temperature is heid constant and and type of the coupling mechanism to the interfering
power level is varied. At the low level P1 the mode. These are discussed briefly in the appendices.
activity dip shows up as a sudden change in slope,
although the curve remains a single-valued function. For a given resonator design, experience will
With increased drive, the dip is manifested by the dictate practical ranges for the test system para-
presence of a hysteresis loop. Arrows indicate the meters, based on the type of modal interferences
direction of traverse as varactor voltage is swept encountered, design power level of crystal, etc.
back and forth.

Conclusion
When power level is held constant and temperature

allowed to vary, curves such as those in Figure 7 A simple, rapid, electronic means of detecting
result. Here the hysteresis loop position changes, the frequency/resistance anomalies known as activity
moving down the curve with increasing temperature. dips has been described, with experimental confirma-
This indicates that the interfering mode has a nega- tion. The method appears to be feasible to use in a
tive temperature coefficient of frequency. One may number of possible ways:
see this as follows: CL decreases with increasing
varactor voltage, and a decrease in CL increases the e As a rapid go--no go 100% inspection method
shift of f from fR" Therefore, high varactor volt- for eliminating units having obvious and easily
ages mean large f shifts. If the anomaly occurs at detected activity dips prior to mAking costly
large varactor voltage at T1 and again at a lower temperature runs.
voltage at a higher temperature T , then (cf. Figure 4)
the coefficient of the undesired Interfering mode is * As a more highly instrumented method com-
negative. bined with measurements for determining the crystal

CO, C1 , R1 , L1 parameters.

Figure 8 is comprised of a montage of 
graphs taken

from measurement photos. Power is constant along rows; * As a hybrid method, combined with oven runs
temperature is constant along columns. For the opera- for interpolating between tamperatures.
tion of the measurement setup it is not necessary to
operate at power levels sufficient to produce a hys- In this last variation, an oven is used, with or
teresis loop. When no activity dip is present, the without the provisions for moving the pole and zero
Af-AV curve will be smoothly monotonic (it is not with inductors; but the oven is programed to dwell
necessary that it be linear). With a dip present, the at each of a number of fixed temperatures.
slope of the smooth curve is disturbed and indicates At each fixed temperature the varactor sweep method
the existence of the anomaly. A simple differentiating is used to search for dips. In this way, very onerous
network can be used to accentuate the "glitch," and temperature runs in search of dips occurring over
detect the activity anomaly more readily, extremely small temperature interval8

1 3 
could be

obviated. The CL in effect interpolates between
Alternatively, the system can be simply arranged fixed temperatures.

to use a voltage proportional to the crystal resist-
ance ("grid current" in Figure 3) as the Y-axis scope Acknowledgment
input. In different cases the anomaly will be more
prominent in either the frequency or resistance shift, We take this opportunity to thank Mr. T. J.
and either may be used in the method. Lukeaszek of ECOM for his enthusiastic help; Prof. H.

Fukuyo of Tokyo Institute of Technology for responding
Ranse Extension quickly to our request for reprints and for permission

to use Figure 1; Drs. E. Hafner, J. R. Vig, and
A load capacitance by itself can only shift the R. Filler of ECOM for very useful discussions and

oscillator frequency between the limits f & f ideas; Dr. A. Zumateg of SSIH, Switzerland, for a
fA' that is, between resonance and antiresonanck of cogent remark; and Mrs. Anita Earle for her expert
the crystal unit. If, at the temperature of the test, typing.
the unwanted interfering mode causing the activity dip
does not occur between these limits, then the anomaly Appendix A
will go undetected by the test.

Estimate of Nonlinearities in AT-Cut Resonators
Fortunately, there are simple ways of extending

the range of the method. Figure 9 depicts qualita-
tively the effects on the pole-zero spectra resulting
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Many of the most important kinds of activity dips The displacement u1 is greatest at x2 - +h,
arise from nonlinear processes. In order to get a while the strain is largest at x2 - 0. In terms of
feeling for the magnitudes that might be involved, we these maximum values we have
evaluate the ratio of the nonlinear to linear terms in
the problem of intermodulatio.. solved by Tiersten.

14 5  
Ut'/ surface = (S)cem4er" Si X (B-6)

From the nonlinear equation 
X

3 The resonance frequencies are obtained from the poles
f - eX -eq' P -

[  ] (A-l) of a2 , that is, from the roots of

9L
we use the ratio fan X = X/A .  

(B-7)

---- _r,,) 3 About these frequencies f M), the presence of loss
L (A-2) serves to limit the amplit ide. The amplitude may be

j6 u 1 ,Z " " found by substituting

as a measure of the size of the nonlinearity. "B-8)i. / QM B
For the AT-cut,

-1 -7 -for foM0) in B-1 to B-4.9' = 13.7 X -jO Po • (A-3)

When CL is used to pull the frequency to fL then
Making use of the approximate, linear solution for u1 , the effect can be calculated by using
evaluated at resonance and at the center of the plate Z.
where u1 ,2 is greatestgives k" ( - ), (-9)

= 3 A, 1JA -x' (A-4) with

where A, (A-5(B-10)
whre~ .. 2. .. ( in place of k

2 
in B-7. This determines f With the

"C known value of fL inserted into B-1 to B-3, the various
For AT-cut quartz amplitudes are determined away from resonance. As long

as fL is not too close to fR, B-8 need not be used for
Zq.o x 0o ' e,=o. o95 C//. (A-6) purposes of determining the effect of a load capacitor.
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MEASUREMENT OF THE CHARACTERISTIC

FREQUENCY OF AN AT-CUT PLATE

John H. Sherman, Jr.
GENERAL ELECTRIC COMPANY
Lynchburg, Virginia 24502

Abstract

The measurement method of Atamasoff and Hart is stant configuration in an oscillator of similarly
considered in terms of the familiar Sykes-McSkimin and undisciplined characteristics. The practical
Butterworth-Van Dyke models of the crystal resonator. measurement problems become so evident that extreme
After consistency is established, the criterion is measures are often taken to beef up the electrode
extracted for a measurement of resonant frequency in structure and define the oscillator circuitry. Even
an air gap to yield a value equal to the character- so, repetitive measurement of a given blank regularly
istic frequency. The capacitance ratio of the un- results in a large spread of measurements apparently
electroded blank is computed and air gap design for- dependent upon such variables as which side of the
mulas are written with numerical values. The rela- wafer is up.
tion between the measurements on the overtones is
discussed with illustration of advantages sometimes This inaccessibility of the characteristic
found in overtone measurement. Laboratory and fac- frequency for measurement is more basic than simply
tory measurement objectives are compared. A prac- a difficult problem in fixturing for measurement.
tical test fixture is described and illustrated. It is shown below that the best model we use for the

resonant frequency of a finite wafer makes explicit
that the frequency we expect to observe is not the

Key Words: Measurement, frequency, character- characteristic frequency itself, but something quite
istic frequency, blank, monolithic crystal filters, other. Only under unique circumstances is the charac-
MCF, coupling, trapped energy. teristic frequency observable.

Introduction This has been a stumbling block for some time.
The characteristic frequency enters the design of

successful strategy for the design of mono- "clean spectrum" or single-mode energy trapped
lithic crystal filters consists of the following, resonators in exactly the same way as it enters mono-
only slightly simplified stepst lithic crystal filter design. A major factor in our

inability to reach a concensus on the values of the
1) Based on the required filter performance, "magic numbers" in the plateback formulas [1], [2],

select an appropriate normalized filter prototype. [3] used in practical resonator design is simply that
2) Based upon the terminating impedance, center the characteristic frequency of the wafers fabricated

frequency and bandwidth recuired, denormalize the is not known. This has made choice between the var-
filter. Determine the element inductance and the ious proposals of theoretical maximum values of
Inter-element coupling coefficients. plateback not subject to test. Since theory leads to

3) From the element inductance and center a maximum only regardless of the details, the Industry

frequency, determine the electrode area. Design an has been able to exploit the theory by working to
element electrode. practical limits treated as less than the absolute

4) Using the electrode dimensions chosen in 3 maximum, in which the measurement uncertainty is
and the coupllrg coefficients found in 2, plot for absorbed into an empirically reduced numerical
each coefficient curves of plateback vs separation coefficient.
along X and Z.

5) Choose the axis along which the array will A strategy of measurement which will yield a set
be coupled and the single value of plateback which of readings of small spread is necessary. One which
provides the most reasonable set of element separa- will yield the characteristic frequency itself will
tions along the chosen axis. be of signal additional benefit.

6) Add the chosen value of plateback to the
filter center frequency to obtain the characteristic This paper treats the search for such a
frequency of the wafer. strategy.

7) Test the overall array for unwanted responses
in the design [11. The Three-Dimensional Resonant Piezoid

To implement the design, dimensions are estab- Atanasoff and Hart [4) in their 1941 paper
lished for the periphery of the wafer and fixtures observe that "... no easy exact theory of the vibra-
made. Then blanks are prepared at a number of tions of a finite plate is possible ... ". Their
frequencies in the neighborhood of the computed measurement strategy was to use very high overtones.
characteristic frequency so sample filters can be The argument from physical intuition which led to
made, in order to determine the actual measured this strategy was that the more nodal surfaces were
frequency which must be attained to realize the stacked between the major surfaces, the more closely
filter objective. those nodal surfaces would have to lie in planes and

and the more nearly they would have to be equally
The empirical determination of blank frequency spaced, parallel to each other and parallel to the

has to be made because the characteristic frequency major surfaces. Roga had already showed that when
of the blank is generally not observed in a blank the phase surfaces of the acoustic standing wave are
frequency measurement. What is usually observed is parallel to the surfaces of the plate the overtones
the frequency of a crystal controlled oscillator in are integrally related. By measuring on very high
which the unelectroded crystal wafer is positioned overtones (up to the 87th in thickness and the 263rd
in an electrode structure of distressingly incon- latterally) they were able to demonstrate that the
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ratio of the frequency to the overtone order became which must be minimized. Stated simply, numerators
a constant. They took this constant to be the are to be made small and denominators are to be made
characteristic frequency. large in order to minimize the error. The condition

n = p = o is the Koga condition of planar phase sur-
At about the same time Sykes (5] and McSkimin faces parallel to the major surface of the wafer.

J6J were developing their powerful expression for This cannot occur in a finite wafer; the minimum value
the frequencies of a rectangular prism of quartz in of n is unity in a practical wafer. Recast for
body shear. This formula, published just two years emphasis, (5) becomes
after the Atanasoff and Hart paper, has given results
which are found quite accurate. While the formula is
not exact, it is remarkably accurate and quite easy./

1 2 t2  p
2 
t
2

It is readily shown to be consistent with the +
Atanasoff and Hart method and result at high over- 81 + (5a)
tones, while its principal and well-tested application 1 2 ( x2 

X2 6 m
2 Z2  

-

has been at low orders of overtone and enharmonic 66
index. and the justification of the measurement at high

overtones is displayed, extracted from the Sykes-
The Sykes-McSkimin equation for the antiresonant McSkimin equation.

frequencies of an At-cut crystal plate is:

To make f /m be as accurate an estimate as
possible of f lOO"volves three independent elements:_____ ____ n+~ +

f - 1 n=_ 66 + 55 (1) 1) Make m as large as possible by measuring
mnp J t2 2 Z2 on the highest practicable harmonic mode.

X Z2) Make n and p as small as possible. This
means to measure the lowest frequency member of the

where X and Z are the edge dimensions of the plate enharmonic sequence associated with the overtone.
along the x and z' axes respectively and t is the This is usually what is measured in a naive setup, but
thickness of y' dimension. Simple algebraic pitfalls exist. The resonator should be swept and the
manipulation yields: lowest response of the sequence identified, even if it

has only a small response.

3) Make the X and Z dimensions of the blankZ;62/ be as large as possible. In principle this mearns to

m 1 
2  

n
2
C11 + p

2
C5 perform final preparation of the major faces of the

fmnp =2t - /Z2 (2) wafer prior to final dimensioning.

Measurement of an Unelectroded Wafer

This is identified to be
The accepted equivalent circuit for the

sequence of "main" responses of a crystal is given:

mp" 100 t2 + -

which is confirmed by substituting 1, 0, 0 for m, n,
p respectively in (1).

The frequency fi0 n is the characteristic acom 2 L

frequency sought. Theomeasured frequency is the 0

frequency resulting from the interaction of the wafer Fig. 1
of antiresonant frequency f and the measuring where a is written for the reciprocal of the conven-

circuit. It is a simpliftcaon even to look on f tional ratio of the capacitances, r . This circuit

as accurately measurable. Nevertheless, in order mnp correctly displays that the capacitance ratio varies

to do things in a reasonable order and keep ideas as the square of the overtone order. It does not,

simple, it is useful to treat f as accessible, however, display correctly that the harmonic sequence

In any case: mnp related by integer ratios is of the antiresonant
frequencies. This circuit model implies incorrectly
that the series resonant frequencies are harmonically
related. The model does, account correctly for the

2 2- 2 spacing of the series and antiresonant frequencies.
2 Ep5  It turns out that this is exactly what we require of

f f m +- - + / (4) the model.
100 m/pm in

2
' , 2] eme
C66 '

When a crystal plate is operated in an air gap
and we can approximate f100 by f /m. holder, the air gap constitutes a parallel plate

10 p condenser in series with the crystal, leading to this

The fractional error in this approximation is equivalent circuit for a blank in a test fixture:

itself approximated by C C

_t2  ( 2C 1  2; -
61 2m2Z X2 2() C/M2 L

66 0

Fig. 2

109



The antiresonant frequency of the wafer is still the C must be made small. In terms of structure of the
focus of attention, but is inaccessible for measure- test fixture, the air gap must be the maximum prac-
ment with practical equipment. At the blank's anti- ticable length.
resonant frequency the impedance of the circuit is
high. Crystal impedance meters and pi section trans- Naively one might be tempted to try a small
mission sets look at the low impedance condition of electrode in order to decrease y. While it is true
the equivalent circuit. Other oscillator types look that this would decrease C , it would not decrease
at some intermediate impedance condition and at a y as the value of C wouldSalso be decreased. C is
frequency between these two frequencies. the capacitance of that portion of the blank excited

by the electric field of the electrodes. The air gap
The equivalent circuit of Figure 1 has resonant electrodes should remain sensibly the size of the

frequencies: wafer. Bridge circuitry can be devised to use
electrodes much larger than the blank without loss of

(6s) accuracy or sensitivity. Perhaps a theory of measure-
= m 1 ment of equal power can be developed for an electrode

am 2F of small (vanishing) area. Such is not attempted in

this study.

So far this study has looked at the procedure of
f 

f 
f 1 + -

-  
(6a) Atanasoff and Hart in terms of models not used by

am sm 2 them and verified that these models afford their
method the validity they postulated and demonstrated

The equivalent circuit of Figure 2 has resonant for it. In the process an algebraic model has been
frequencies: created and in that algebraic model is buried a

happy surprise.

Direct Measurement of the Characteristic Frequency
C

f - f 1 + 0 o (7s) The frequency of a plate is always higher than
f em m (Co+s) the characteristic frequency. The relationship is

0 ~derived from (1)

faro f sm 1 + -2 (7a)+I
of 2 (n7CIsstp 1+ a__ +I *55

The frequency f is seen to be the antiresonant moo m2C X11 Z2

frequency of the blant both in and out of the gap. 6

We wish to consider f while f is available for The principal resonance of a blank is identified
ready measurement. Tre ratio of'these is by Sykes [5] to be f . Van Dyke (71 illustrates

the 110 mode of a reci2 ngular plate in a 3-dimensional
map of measurements made on an actual plate. Thus the

I +a C principal mode is given by:

ooam / , y- (8

rm 1+2(l+Y) 2

fm... . 1 + 11Ci

which with manipulation reduces to fmoo m2X2Z 5  (12)

55

a The resonant frequency of the combination of

frm m(l+y)/o (9) blank and air gap test fixture is always lower in
frequency than the frequency of blank (anti) resonance.

The relationship is given by:
Using the measured frequency frm as an approxima-

tion of the wafer's antiresonant frequency has a
fractional error of approximately

fam as2 Tf 1 + -,-- - y = (9)
6 . . 2 ' Co

2[l+m 2(y+l)/] (10) (o

Remembering that f and f are both symbols
For small y and large m this approaches in their own models foralhe ant!isonant frequency of

the finite plate on the lowest member of the sequence

6 _ a..L_ of enharmonics associated with the m-th thickness
2 2m

2  
mode, it is recognized that f and f are identi-
cally equal. It is furthermoPW signifigant that the

The error in determination of f incurred by characteristic mode frequency f - uf is lower

measuring f is minimized by measurIg on the highest in frequency than fO and that-meaS W e

practicable overtone. Since the error is nearly f is lower in frequency than fam
proportional to y, minimizing y minimizes the error.
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If we divide (12) by (9) there results: Since the areas of the electrodes and the blank are
equal,

SC/Co " o t/ i S

t0t2 2

fmoo m2 2- The ratio c22 /&is known as the "specific inductive
frM 'Z66 capacity" or relative dielectric constant of quartz,

F. . . (13) c. Hence
fmoo + Y

fam l+m2(l+y)/ - t/€ (18)
frm

and the gap becomes

and if it is possible to create in a practical
measurement situation conditionp to make the radical g = . + t - t(l+l/ny) (19)
evaluate to unity, then the measured frequency f rm In terms of the blank dimensions
will equal fmoo, the desired mode characteristic
frequency.

The radical becomes unity if the increments of Of Z66

the numerator and denominator are equal, i.e., if: I ._+ _t2 E20
1+ 11 +(20)

2- r(l+olm
2 )

11 (14) Num V

i+m2 (i+y)/o m2X2E Numerical Values
66 Only a few constants are required to convert

Solved explicity for y, (14) yields: these relationships to design equations.

The elastic constants are the appropriately
1 +rotated and stiffened constants. The values for AT-

M2 cut quartz are:

ax2 ;6 (5) -,1 = 110.602<10) 
9

C661 11C

t2 -,

-, i= 29.350(10)9C66

Defining:

The relative dielectric constant is not truly a con-f 2- stant, as quartz has different dielectric constants°X2C6 6  along and perpendicular to Z. The entire range is
o =  

1 (16) onl- some 22. The entire family of body shear\ El' / crVxLals with cubic temperature-frequency character-

istics is found in a band of e between 33.250 and

(15) may be rewritten: 35.5* and the range of dielectric constant for this
entire class of cuts is less than 0.075% wide, which

y -(I+o/m )yo (17) compares closely with the accuracy of the best value
of any constant known for AT-cut quartz. The entire
range of c is calculated to lie between 4.497 and

Thus, to the accuracy of our model, when this 4.500. The value 4.500 will be used for E.
value of y is achieved in a practical test configura-
tion the characteristic frequency can be measured The ratio of the capacitances is determined by
directly. a method due to Bechmann as exploited by Sauerbrey

[8]. Starting with a known or assumed amplitude
Application to the Design of Air Gap Fixtures distribution across the entire resonator one performs

certain integrations and computes a motional capac-
An air gap fixture is made with a fixed gap g itance. The dependence motional capacitance on enha'-

which in operation contains a crystal of thickness t monic order is thus displayed, and of the capacitance
with a residual air gap length 9, so that ratio. The mode of resonance has indices 1, 1, 0

which is shorthand for a distribution which varies as
g = £ + t a half cycle of a cosine function along X and is con-

stant along Z.

The capacitance of the blank is given by the formula Performing the integrations one extracts a ratio

2
o S A/t rcl 0 /rl 00 .Co " c'22 10 lo 8

while that of the gap is which combines with a best value for r cl of 159.4

C A/ to produce a value for rcl00 of 196 .7. We reciprocal
5 0
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of this value is what we havc been calling a have to be able to make the system work. Furthermore,
when working in actual numbers and real dimensions in

o = 5.084(10) -  (21) millimeters or inches we only know numbers to four
digits. On this basis we cannot do better than sev-
eral hundred parts per million in any number, includ-

and - ing f'. While it is not a foregone conclusion that a
11 - 741.2 (22) measurement of a blank of f' will be within 500 ppM

of its true characteristic frequency, we are discuss-
ing how to try to make it so.

Since the frequency constant for the characteristic To clarify the matter further, Figure 4 displays
frequency is 1.660(10)6 Hz mm the X/t ratio is calcu- the way the characteristic frequency falls between
lable by the formula f l and f 1 while Figure 6 (which can be obtained

from Figures 3 and 4) displays the way the measured
X (lo) 6  (23 frequency f falls between the same limits. These
t 1.660 limits for He blank are separated by 2540 ppM.

From these curves guidance can be found properly to
where f is the frequency in Hz and X is the x dimen- proportion the gap to measure the gauge blank to the

sion in millimeters. If X is measured in inches then requisite accuracy.
the frequency constant is 65.35(10)3. By this re- "Exact" and Approximate Forms
lation the X/t ratio is obtainable to an accuracy of
four digits or to the accuracy of measurement of X Because these various constants are known for
(whichever is less) even though direct measurement quartz only to four digits accuracy, no direct
of t to this kind of accuracy is impossible. numerical value can be calculated to better than four

digits. Careful examination of the limitation of
Using these numerical values the formula for significant digits shows, for example, that the cal-

o becomes: culated values of ygreater than 1 can have only three

1 significant digits. The entire plot of Figure 3 is
2 (24) in no more than three digits of detail and the multi-

X (21)plier (l+o/m 2) of (17) differs from unity only in the
741.2t2  fourth digit at most. Thus to the accuracy of the

plot y and yo are indistinguishable and Figure 3 can
and contain no information concerning the overtone. For

this reason the various curves of the figure are not
subscripted with a naught though the algebraic ex-

5.084(l0 ) pression of (16) must be.

m 1+Y(25) If in (14) attention is directed to the denom-

inator of the left term:
A plot of (24) is provided as part of Figure 3.
Solutions exist for values of X/t greater than t2q1
1741.2 so for blanks of reasonably conventional Y (14)
proportions it is quite possible to construct an + m2 i+Y)°' M2-X2E,
air gap fixture in which the frequency measured is 66
the characteristic frequency.

it is seen that on the fundamental the denominator
Also included in Figure 3 are plots of will be roundly 200 or more, on the third overtone

some 2000, and on the fifth overtone some 5000.
1/t -1/cy - 1/

4
.5y Going up at the square of the overtone, the seventh

(26) would bring It to 10000 and the ninth over 16000.
The poor lonely additive 1 in that denominator is on

and the fundamental only 1/2% and rapidly shrinks as the
overtone order increases. If it is therefore disre-

g/t = (Z+t)/t = 1 + 1/4.5y (27) garded (14) can be approximated:

as well as the reciprocal of (27) called f'/f:

f'/f - f.5y/(l+4.5y). (28) t2l (29)

The significance of the ratio fl/f is that in m2 (1+y) m 2X 2-C 6
gauging an air gap it is extremely practical to use
a quartz blank. The ratio f'/f is just the ratio of When this is solved for y there results:
the characteristic frequency of the gauge blank to
that of the blank to be measured. The gauge blank
has a lower frequency than the work, hence a greater tCil
thickness, a lesser X/t ratio and a smaller air gap
for its measurement. X2Z666 (30)

Using an uncalibrated air gap holder 
to measure 

t2-(I

a crystal blank which will be used in turn to gauge - - o
a critically adjusted air gap sounds risky. It is X2C6
a procedure which has to be defended by its necessity.
In almost no other conceivable way can we generate which reduces with a little more manipulation to (16).
the number of precise gauge blocks we require to have Thus from (29) we conclude that y2 y0 and clarify
the flexibility to respond to comrcial orders. We
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somewhat the significance of the multiplier in (17). calibrate or verify the instrument. The only access
To at least a first approximation the relation is other than this to the characteristic frequency known
independent of overtone order and the measured fre- to me is through the laborious method of Atanasoff
quencies on the overtones should be very nearly re- and Hart, a process much more difficult to carry out
lated as the overtone orders. on a plate only about 0.15 = thick than on their

blocks some 50 times thicker. In the absence of a
If the approximate value yo is substituted for blank of known characteristic frequency to measure,

in (13) the sensitivity of (13) to variation of y confirmation was sought in other peculiar phenomena
can be estimated without differentiation. (Remember predicted in the derived relationships. Blanks are
if the complete value of y is inserted, (13) reduces available at 9.5 and 11.3 MHz with the same major
identically to unity.) This substitution is the dimensions, and air gap fixtures have been made to
model of measuring a blank on a low overtone in an accommodate them. Measurements on these blanks using
air gap critically set for high overtones. When the adaptations of those fixtures yielded results tending
substitution is made there results: to confirm the theory.

A half-lattice was constructed in which the
coil was a tunable autotransformer with an air gap

2-,2 in one arm and a balancing capacitor in the other
f (Figure 5). This device was awkward in the extreme

fm 22- 2+G (31) to adjust, but it was possible to balance at 9.5
moo m m2 / 66 and at 34 MHz, though not simultaneously. Fifth and

66) Jseventh overtone response are to be seen in blanks
or, numerically but so far lattices well enough behaved to give

strong responses at these overtones have not been

7 3realized.=\ _( + -- 16378 t (32)

m2 
(m +0.005) 

AAAA

The maximum difference between y and yo occurs iJ U

on the fundamental where the difference is just about
1/2 percent and the maximum difference between fm
and fmoo occurs likewise on the fundamental.
Additionally it occurs at the smallest value of X/t

which was shown earlier to evaluate to 17-4.2. When
(32) is evaluated on the fundamental and at X/t =
27.22 the result is obtained: FIGURE 5

Tunable Half-Lattice Fixture

_ / 3.768 - 3.768 Measurements were made in the HP 8553B spec-
\ +7 41. 2)/1 1057.2)trum analyzer . The entire observable spectrum of

7 the enharmonic family of interest is displayed in
- 1 - 2.116(10) the oscilloscope presentation. In this way any
- .9999997884 anomalies are displayed and the quality of the meas-

urement evaluated. The marker built into the gener-
If the air gap is set for io Instead of y, the ator portion allows any particular characteristic of

error in reading f100 is only about -0.2 ppM. The the trace to be isolated and measured with indicated
error in f300 is two orders of magnitude less. 10 Hz resolution.
Furthermore, the ratio of the frequency measured on
the third to that measured on the fundamental will Blanks were obtained at 9.500 MHz and 11.300
differ from 3 by -0.2 ppM. And this is the worst MHz having an x-dimension of 0.449" + 0.001".
case. For all greater values of X/t the difference
is even less. Now the final statement of the third When this scanty amount of information is
paragraph above can be made much stronger. In any combined with (23), (24), (26) and (27) we obtain:
case of practical measurement in a properly dimen-
sioned air gap the overtones will be, to the accuracy f X/t t Y
attainable, related as the overtone orders.

However accurate or inaccurate the gauge blank 9.500 65.42 6.879(10)
-3  

0.2095
is can be evaluated by the ratio of the measured fre- 3
quencies on the fundamental and third overtone. With 11.300 77.81 5.783(10)

-  
0.1395

excellent blank& in a proper gap the ratio should be
3. With this criterion at hand, gauge blanks can be f'

adjusted with the necessary sensitivity, repetitively

setting the ga with the gauge, reading the crystals 7.297(10) 4.610
on the fundamental and the third, then etching the 3
gauge. 9.213(10) 4.358

Experimental Investigation That the gap is greater for the higher fre-
quency than for the lower may come as a surprise.

Ccnfirmatiot of this development into hardware has (It did to me.) Certainly L must increase with fre-
no practical problem of overwhelming substance, but quency since X becomes zero at X/t - 7-41.2. At
there is a problem of intellectual import. Ideally greater frequencies the X/t ratio is greater than
to verify the accuracy of an instrument one would the critical value and t is finite and monotonic.
measure a known sample, a "standard", and thus The total gap, the sum of I and t also increases.
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The gap was set with a crystal naively meas- gap electrode is the bottom one, allowing the fixture

ured at 4.515 tllz. This made the gap be long for the to be used on a metal bench top or on wood without
9.5 MHz blanks, but short for the 11.3 MHz. In con- effect on the balance. The circuit was wired on a
sequence the load capacitance of the 9.4 MHz blanks, board laid out for universal application with DIP
i.e., the gap capacitance Cs , is too low and the fun- integrated circuits. The excess conductors introduce
damental frequency will be measured high. The third stray capacitance and narrow the band over which the
overtone frequency will be measured high also but by bridge is balanced. A special board would permit the
a lesser amount so that the ratio of the third fre- same quality of balance to even higher frequency.
quency to the fundamental will be less than 3. Six-
teen of the 9.5 MHz crystals measured yielded an Some Final Practicalities
average ratio of 2.998924 (a of 0.000653). Conversely
the gap is short for 11.3 MHz. Cs will be large and To this point the entire discussion has been

the fundamental frequency will be measured low. The directed to making the characteristic frequency
ratio of the frequency on the third to the frequency observable. This is an undertaking of more signif-
on the fundamental should exceed 3. Fourteen of the icance in the development laboretory than in a
11.3 MHz crystals measured yielded an average ratio strictly production environment. The production
of 3.001473 (a of 0.004296). measurement must be readily made and reproducible,

but does not have to be of the characteristic fre-

These measurements were made with the fixture quency itself. An offset once determined can relate
carefully balanced at each measurement. The circuit the readily made reading to the designed frequency.
as realized could be optimized at each frequency but
across the range only a compromise could be effected. Thus it is possible with a single adjustment
When the ostensible best compromise was effected the of the bridge to measure the 9.5 and 11.3 MHz blanks
ratios measured in the fixture were all below 3. on their third overtone with discrepancies of only
This continues to be the case in all of the more about 5 ppM at both frequencies referred to the read-
convenient embodiments of the bridge which have been ing with the fixture setup most perfectly
devised.

Even more simplification is possible. Return-
The results of this careful set of measure- ing to the original ideas at the beginning of the

ments are taken as constituting a substantial con- paper, the tuning curve with air gap length can be
firmation of the validity of the design equations for sketched as shown in Figure 14. The three identified

the air gap. frequencies fc, fa and fs are the characteristic
frequency, the Sykes-McSkimin or antiresonant fre-

The original intent was to etch the 9.5 MHz quency and the series resonant frequency, respectively,
blanks and measure the ratio as the frequency of the of a blank. The curve displays the series resonant
blanks approached that for which the gauge blank was frequency of the crystal and, gap as the gap grows
correct, where the ratio would be exactly 3. This without limit. The theoretical development of this
became a frustrated hope as the relative activity of paper dealt with the identification of the condition
interfering modes increased with the increased smooth- where this frequency equals the characteristic fre-
ness of the surface with heavy etching. Figures 6 quency.
through 11 illustrate spectra on the fundamental and
third overtones showing the drastic effect of inter- If the criterion can be relaxed to demand only
fering modes on the fundamental spectrum as compared that the reading be highly reproducible, the figure
with the overtone. In the etching the principal illustrates that the sensitivity of the reading to

fundamental frequency passed ten even order inter- errors in the setting of the gap decreases with in-
fering flexure overtones from 80 through 98 15]. creasing gap length. The reproducibility of measure-
Many other interfering modes, not identified, are ment of a frequency above the characteristic frequency
apparently present as well. Too many measurements is superior to the characteristic frequency itself.
made at the fundamental were contaminated by inter- Of course the coupling is reduced by increasing the
fering modes for the ratio to be observably moving gap and at some gap length becomes too small. The
montonically toward 3. practical consideration is to use the longest gap

circumstances will allow. This, combined with the 9
This blank dimension, originally chosen for times improvement in using the third overtone, allows

10.7 MHz, encounters an interfering flexure close by very reproducible readings to be made quite readily.
the final etch frequency at both of these used fre-
quencies, causing persistent in-process measurement With the spectrum analyzer the gap may be 50
problems. The spectra displayed are of a crystal or more times the crystal thickness and still the
ready for electroding. Although there is a real crystal be read with ease. Additionally the spectrum
problem in deciding where the fundamental resonance analyzer is at least 1 1/2 times as fast as the crystal
occurs, there is no problem'at all about the third; impedance meter. This equipment is not commonly found
the first response is clearly displayed. This is no in crystal factories, however, and it is not the in-
doubt due to the extremely high overtone order of the tent to give the impression that it is indispensable.
interfering modes (now nearly the 300th) where the Q In most instances third overtone readings made in the
has fallen so low as to have no detectable effect, crystal impedance meter with the longest gap which will
The resonance peak is only a third as wide as the allow oscillation will be as reproducible as the pro-

fundamental, making the determination of its maximum duction shop will find needed. The bridge network,
absolutely 3 times and relatively 9 times as precise. excited like any other transmission test set, allows
As a consequence these blanks, so hard to read on the the direct calibration of the offset of the oscillat-
fundamental, are readily read on the third. ing measurements.

After a number of attempts a final most Conclusion
practical circuit configuration was adopted as shown
in figures 12 and 13. The resistor pads terminating The characteristic frequency of a rectangular
the bridge allow the bridge to be balanced at 35 MHz, AT-cut blank has been made accessible to measurement.
which is adequate for these measurements. The grounded Simultaneouqly the practical blank measurement problem
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has been illuminated leading to proposals of method ]
which can simplify or improve the reproducibility of f'.t,. ,. --

production measurements. K 'E'. II ! -
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Illustrations

Figure 7: Expanded spectrum of the main response of
the blank in Figure 6.

Figure 3: Air Gap Design Parameters.
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Figure S: Further expansion showing complexity where Figure 11: Spectrum of the third overtone of the blank
the main response peak belongs, of Figure 10 displaying the clean trace of the main

response.

Figure 12: Bridge Network - Final Version. All re-
sistors: 51.i 1/8 watt; Transformer; Mini Circuits
Laboratory Model T4-1.

Figure 9: Spectrum of the third overtone of the same
blank displaying the clean trace of the main response.

Figure 13: Photograph of Air-Gap Fixtures.

I -- ,---- I

Figure 10: Spectrum displaying destruction of the [ { IJI ] .
fundamental main response by an interfering mode.
This blank cannot be made to oscillate in a crystal a
impedance meter. Interpolated between

fs and fal, cf. Figu re 4.
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Summy necessary conditions to be able to ignore such losses
practically are found mainly by experiments.

Two measurement methods have been adopted for the
evaluation of raw quartz for resonator use, one of The measured Q-values of the test resonators made
which is based on the measurement of absorption rate from some raw quartz cultured in different processes
of the infrared ray of the specified wavelength and are shown and referring to the good correlation between
the other is based on the Q-value measurement of a 5th their Q-values and culturing processes, the quality of
overtone 5 MHz planoconvex AT-cut plate with the speci- quartz for resonator use is evaluated reliably by the
fied shape and angle of cut. The former method is proposed method. At the end of this paper an improve-
simple and convenient but is of the indirect presump- ment of this method is described.
tion of elastic vibration loss of the quartz under
test through the absorption rate. In the latter Losses of Crystal Resonator
method, there must be a requisite that the measurement
loss does not include any loss except elastic vibration As wL, of a given crystal resonator is constant,
loss in the quartz, However, this requisite seems not the Q-value depends on its R, resulted from total
to be satisfied because of the complex structure of the losses of the resonator, where RI is the resistance of
resonator. As a result, resonators fabricated by dif- motional arm in the equivalent circuit of crystal res-
ferent makers using the identical raw quartz show dif- onator.
ferent measurement values from maker to maker. There-
fore some improvements are required for a reliable R, can be divided into various components as fol-
measurement of intrinsic loss. lows.

Our method is also based on the measurement of RI = Rm+Rs +Rw+Rh+Re +Rr +Re

the Q-value of a resonator made from the raw quartz where Rm is a component resulted from the elastic vi-
under test, however, to meet the requisite, a slim bration loss in quartz crystal,

-18.5' cut Y-bar resonator was used. We measured the Rs is a component resulted from the loss caused
Q-value of the resonator mounted in the specially de- by the coupling with spurious vibration,
signed holder supporting the nodal line of motion Rw is a component resulted from the elastic vi-
placed on a very narrow metal pillow, and examined ex- bration loss in the lapped and polished layer
perimentally influences on the Q-value of all extrinsic of resonator,
losses due to the coupling with spurious modes, the Rh is a component resulted from the elastic vi-
lapped and polished layer, the support, the exciting bration loss due to the holding of resonator,
electrodes, the acoustic radiation to peripheral gas Re is a component resulted from the elastic vi-
and the contamination on surfaces. And we made clear bration loss in the plated metal electrodes,
the necessary conditions under which all extrinsic Rr is a component resulted from the elastic vi-
losses can be ignored. We confirmed that the Q-value bration loss radiated into peripheral gas,
measured under the above-mentioned conditions indicated Rc is a component resulted from the loss caused
only the intrinsic vibration loss in the quartz. Ac- by the contamination left on the surfaces of
cording to this method, the resonators manufactured by resonator.
different makers using the identical quartz give ap-
proximately the same results. The elastic vibration As the Q-value also depends on these resistance
loss of the quartz cultured in different processes can components, it is necessary that Rs,Rw,RhReK r and Rc
also be discriminated through the Q-value. Finally should be so small as to be ignored comparing with 1m
some difficulty experienced in holding stably the res- in order to evaluate the quality of raw quartz for res-
onator on the above-mentioned narrow pillow was elimi- onator use by measuring the Q-value of a test resonator
nated by applying a new holder in which the resonator made from that raw quartz. In other words, total R,
was supported at two nodal lines of the 2nd overtone must be only Rm effectively.
mode by specially equipped two knife edges.

Test Crystal Resonator
Introduction

A -18.5* cut slim Y-bar crystal resonator with

In this paper all losses of crystal resonator rectangular cross section shown in Fig.1 is used as a
having the delicate influences upon the Q-value are test resonator. The vibrational mode of this resonator
classified first and some explanations are described is well known and the nodal line of the fundamental
about the idea that the quality of raw quartz for res- longitudinal vibration exists at the center of the
onator use must be evaluated reliably by measuring the length and lies exactly perpendicular to the direction
Q-value of a test resonator made from that quartz if of the length.

1

the necessary conditions to ignore the other losses
except the elastic vibration loss in quartz crystal can For convenience of fabrication of a test resonator
be found experimentally and kept very carefully. from the quartz crystal, a resonator with geometry of

xo2.3 m and yo025 u is chosen and applying to/yo-0.1
Then the details of a slim bar crystal resonator as an adequate dimension's ratio without any spurious

for this purpose and its special holder to be able to vibration in a mode chart, z0%i2.5 -m is also deter-
keep the conditions described are explained. After mined. The resonance frequency of this resonator is
that, each characteristic of the losses except the about 100 k~z.
inherent loss in quartz crystal is studied and the
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Special Holder for Test Resonator layer with extremely thin depth comparing with the wave

length of 100 kHz elastic vibration has severe in-

A gap type holder for a test resonator is prepared fluence on the q-value of the resonator and especially
and its schematic construction is shown in Fig.2. the lapped layer of four side planes which seems not

to be important in reflecting the elastic wave has un-

The nodal line of the resonator is set exactly expectedly large influence on the Q-value of the res-
upon a narrow metal pillow equipped at the center of onator. The other is that the worked layer must be
the lower electrode. Figure 3 shows this special lower taken away sufficiently by lapping, polishing and ade-

electrode with a very narrow pillow. quately etching all 6 surfaces of the resonator fol-
lowing a systematic process in order to ignore the

This holder for the new evaluating method can also loss caused by worked layers in this method.

be used to investigate experimentally the complicated
influences which the above-mentioned various losses (3) Elastic Vibration Loss due to Holding of Resonator

2

have upon the Q-value of a test resonator.
A resonator can be held stably at the nodal part

Characteristics of Various Losses except the Loss of the vibration of interest. However, a little vi-
bration energy seems to leak through the holding part

in Raw Quartz end Necessary Conditions practically and Rh component resulted from such energy

to ignore such Extrinsic Losses loss reduces the Q-value of the resonator.

(1) Loss caused by Coupling with Spurious Vibration In this study a test resonator was put exactly at

its nodal line on a metal pillow with various kinds of

As the Q-value of the vibration coupled with other width such as 1, 0.5, 0.2, and 0.1 mm, and measuring
mode decreases as the increase of its coupling effect, the Q-value in each case the relation between the Q-
the existence of such a coupled spurious vibrational value and the width of pillow was observed. Figure 7

mode must be checked carefully. shows this experimental result.

As the shape and dimentions of a test resonator The Q curve goes up gradually with the reduction
for this method are chosen adequately from a mode of pillow width and Qho which corresponds to the Q-

chart, any coupled spurious vibration does not exist. value without any holding loss or in case of Rh-0 can

Therefore the resistance component Rs resulted from the be obtained as 28.3x104. As the measured Q-value in
loss caused by the coupling effect can be ignored. 0.1 mn pillow width is 27.2x0

l 4
, and its deviation

from Qho is small and only about -4%, the measured Q-

(2) Elastic Vibration Loss caused by Lapped and value in 0.1 mm pillow width seems to be used as Qho.
Polished Layer of Resonator

2

In the experiment the difficulty to measure the

As the elastic wave traveling in a resonator is Q-value, holding the resonator stably, was often ex-

attenuated on its reflecting surface with a lapped and perienced. In order to eliminate such difficulty and
polished layer, such a layer must be taken away from ignore the holding loss more sufficiently an improve-

the surface of the resonator sufficiently to suppress ment of the holder was tried later.

the attenuation of the wave. Figure 4 shows the detail
of structure of lapped layer enlarged by means of ob- (4) Elastic Vibration Loss in Plated Metal Electrodes

lique cutting method. The depth of such a layer is
found to be about 1/3 of the mean diameter of abrasive The ohmic loss in the plated metal electrode with
by the authors' fundamental investigation concerned adequate thickness can be ignored practically. How-
with the worked layer of crystal plate.

3  
ever, some elastic vibration loss can not be ignored
generally and its loss reduces the Q-value of resona-

Figure 5 shows an example of lapping and polishing tor.

processes based on such an investigation.
4 

By using
fine abrasive step by step, following this process, the In this method, the gap type metal plate elec-
lapped layer becomes very thin and the final polished trodes were used regarding the fact that the elastic

layer is taken away by adequate etching. Then the de- vibration loss in plated metal electrodes was related

sirable good surface on which any worked layer seems complicatedly with the thickness and structure of metal
not to exist can be obtained, film. Therefore the above-mentioned loss needs not to

be taken into account and Re seems to be ignored prac-

In this study only four side planes of a test tically.

crystal resonator were lapped by some abrasives with
different diameters at first, and measuring its Q-value (5) Elastic Vibration Lose radiated
one by one the relation between the Q-value and the into Peripheral Gas

Z

mesh number of abrasive was examined.
This loss also reduces the Q-value of a resonator.

Figure 6 shows its experimental result. The curve In this study the relation between the Q-value and the

of the Q-value goes up and saturates gradually with the peripheral air pressure was investigated setting a test

increase of mesh number and the Q-value of the resona- resonator mounted in the holder in a vacuum bell jar.

tor lapped with #3000 abrasive reaches about twice as Figure 8 shows the experimental result.

large as that of #800.
Qro in vacuum or in case of Rr=O can be obtained

After this experiment, the four side planes were as 8.2x10" at the crossing point of the measured curve

lapped more with #5000 abrasive and polished. And then and the ordinate, and this value is very near to the

the both end planes of a resonator were also polished, measured Q-value of 7.94x10' in 3 Torr and its davis-

In this case the Q-values more increased about twice tion rate is only about +3%. In other words the loss

and two and half times as large as that of #3000 abra- radiated into peripheral gas seem to be almost ignored

sive shown in Fig.6, respectively, practically in less than 3 Torr of gas pressure.

The above-mentioned experimental results show two (6) Loss caused by Contamination left on Surfaces

important facts. One of them is that even the worked of Resonator?



This loss makes the measurement unstable and very described in this paper were kept carefully.
often disturbs the measurement of the Q-value of a
resonator. As the principle of this method is very simple

and clear and the measuring devices are also easy to be
In this method it is quite necessary to clean the prepared, the quality evaluation of raw quartz by this

surfaces of a test resonator carefully and dry it suf- method will be useful in the fields concerned.
ficiently to the utmost extent to ignore Rc before
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Conclusion e -z.5/ a = -18.5"

Various kinds of loss of a resonator which have 
f • KHz

the delicate influences upon the Q-value were analyzed
first and the necessary conditions to be able to ignore
practically the losses except the elastic vibration
loss in quartz crystal were investigated.

A simple -18.5' cut slim Y-bar resonator to eval- .
uate the quality of raw qiartz and the specially de-
signed gap type holder were explained. This resonator --
has not any spurious vibration which causes the cou- zpling loss and the holder can hold the resonator under

the necessary conditions which the losses except the x.
loss in quartz crystal can be ignored practically.

The experimental result obtained from some raw FIG. I TEST CRYSTAL RSONATOR
quartz cultured in different processes showed that the
quality evaluation of raw quartz could be done reliably
by this proposed method if the necessary conditions
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SPRING TO FIX HOLDER - U IPPER BRASS ELECTRODE A

// CERAMIC SPACER

EIRIINAL 2TE INAL I

INSULATOR BED - TEST CRYSTAL RESONATOR
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ACOUSTIC BULK WAVE RESONATORS AND FILTERS OPERATING
IN THE FUNDAMENTAL MODE AT FREQUENCIES GREATER THAN

100 MHZ

Marr Bert6
Research Center THOMSON-CSF

Domaine de Corbeville 91401 ORSAY - France

Summary with a single resonance mode and a high Q value. Sur-
face state preservation is dependent upon the angle

A localized ion beam milling has been used for between the ion beam and the milled surface. Optimum
increasing the fundamental frequency of acoustic bulk incidence angle of the ion beam on the surface of the
wave resonators. Monolithic filters in lithium nioba- piezoelectric materials was determined to be 35'. The
te ( Y + 37*) and lithium tantalate (X) operating res- angle between the rotation axis and the ion beam di-
pectively at 220 MHz and 230 MHz have been realized. rection can be adjusted from 0 to 900 as shown in fi-
The relative bandwidth was equal to 1% and the inser- gure 1. Taking the argon ion energy as 1.8 KeV and the
tion loss was under 5 dB. An AT cut quartz resonator current density of 0.75 mA, the milling rate is about
working in the fundamental mode at 270 MHz with a Q 3 pm/hour for the materials used. The interference
value of 14,000 has also been obtained. In this case fringes were observed for controlling the parallelism
the vibrating membrane was 6 Um thick with a center of the membrane after milling. It appears that the pa-
portion of diameter 2.5 mm. rallelism of the crystal was not perturbed by ion mil-

ling.

y Resonator , Filter, High Frequency,

Quartz, Lithium tantalate, Lithium niobate, Ion beam Therefore very thin membranes with good physical

milling, properties can be obtained by ion milling techniques.

Introduction Design and fabrication

The frequency of a piezoelectric resonator de- Energy trapping is a fundamental concept in the
pends upon the thickness of the resonant membrane, design of piezoelectric resonators. When energy trap-
Using conventional processing technology the minimum ping is maximum the resonator operates in a single mo-
thickness that has been obtained with a reasonable de, and no spurious resonances appear. The insertion
yield is about 35 pm for quartz. This corresponds to loss at the resonance frequency is minimum and the
a fundamental frequency of about 50 MHz for an AT cut. Q value is maximum. The best energy trapping is obtai-
Other piezoelectric materials such as lithium niobate ned by adjusting the shape of metallic electrodes for
(LiNbO3) or lithium tantalate have been studied for lithium niobate (Y + 370 rotated cut) and lithium tan-
only the past few years. Their top limit frequencies talate ( X cut) because the electromechanical coupling
are about 70 MHz. Piezoelectric resonators working coefficient is relatively high ( = 45%) and the in-
at odd harmonic overtones are used but in this case fluence of mass-loading is relatively small. For li-
the bandwidth of filters is reduced by the square of thium niobate ( Y + 37' rotated cut) electrodes di-
the overtone. Moreover the noise of crystal oscilla- mensions must be about 2.3 times greater than the re-
tors using overtone is increased.Then new technolo- sonator thickness in order to achieve good trapping
gies have been investigated for increasing the fun- conditions in the fundamental mode

3
. For lithium tan-

damental frequency of piezoelectric resonators. Ion talate ( X cut) the best ratio between electrode di-
beam milling has been proposed by several authors for mensions and the thickness of the membrane is about
realizing a very thin membrane

1,2 
but only a preli- 6.5 in the direction of vibration, called "thickness

minary result on a high frequency lithium niobate re- shear direction" (TS) and about 4. in the thickness
sonator has been published

3
. Experimental results on twist direction (TT) perpendicular to TS4,

5
. For

ion beam milled resonators and filters using lithium quartz (AT cut) the electromechanical coefficient is
niobate, lithium tantalate and quartz are reported in small ( = 8%) and mass- loading becomes preponderant.
this paper. Maximum energy trapping can be obtained by adjusting

the electrode thickness. Moreower, the diameter of
Ion beam milling technique the electrodes must be about 20 times the membrane

thickness 6,7,8 Monolithic crystal filters can be
A thin piezoelectric disc is covered by a glass realized using pairs of electrodes deposited on the

mask having a hole of 2 or 3 mm in diameter for li- two faces of a thin membrane. The spacing between
miting the milled zone. Both disc and mask, monted electrodes controls the coupling between both resona-
on a rotating water-cooled support, are exposed to on tore. Usually this inter-electrodes spacing is sli-
argon ion beam. Thus only the center aera of the disc ghtly less than the crystal thickness. Metallic elec-
is milled in order to obtain a thickness correspon- trodes have a very little surface aera and must be
ding to the desired frequency. The very thin membra- deposited with great accuracy . They are made by sput-
ne is surronded with a thicker rim. The handling of tering aluminium through metallic masks on the two
the resonator is relatively easy as a consequence of faces of the membrane. Then resonators or filters are
this structure. Generally the initial substrate obtai- mounted in standard crystal packages and their fre-

ned by a conventional polishing process is about 50 quency response is measured.
pm thick and 6 mm in diameter. The two faces are pa-
rallel and have a very good surface state. Experimental results

The parallelism and polish of surface must be Lithium niobate, lithium tantalate and quartz

preserved during the ion milling because these fea- have been used as piezoelectric materials.
tures are very important for fabricating resonators
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Lithium niobate(LiNb03 ) Conclusion

A monolithic crystal filter made of two coupled These preliminary results show the feasibility
resonators has been fabricated on a LiNbO 3 (Y + 370) of very thin membranes ( 6 pm thick and 2.5 mm wide)
disc, 6 mm in diameter and 50 Vim thick. Ion beam mil- using localized ion milling. These membranes appear
ling time was 12 hours for obtaining a 14.6 ulm thick to be rugged enough and can be easly handled and moun-
merbrane. Two square-electrodes with 30 Um sides we- ted. Thinner membranes can be probably obtained.Metal-
re deposited on the top face. The spacing between lic electrodes have been deposited in correct posi-
them was about 13 un. The ground electrode was depo- tion on the vibrating membrane. The parallelism of
sited on the opposite face. This filter has been mat- the membrane, and the quality of the surface state
ched to 50 1 and tested. The central frequency is are good enough to obtain a clear response of the re-
221.8 MHz and the relative bandwidth is 0.9%. Total sonator and a useful Q value. Using this new techni-
insertion loss is 4 dB and minimum rejection is more que a fundamental frequency of around 300 MHz has been
than 25 dB (see figure 2). reached for AT cut quartz resonator. Good characteris-

tics have also been obtained for an AT cut quartz re-
A central frequency equal to 378 MHz has been sonator operating at 300 MHz at the third harmonic.

reached with an 8.6 pm thick membrane. Lithium nioba-
te is a piezoelectric material with a very high elec- Fundamental frequency of quartz resonators has
tromechanical coupling coefficient but unfortunately been increased five times over the frequency of con-
the frequency temperature stability of the Y + 37* cut ventional resonators by means of a localized ion beam
is close to - 75 ppm/*C and such filters can be used milling. Moreover very high frequency range can be
only in thermostated devices, reached using the third harmonic. The application of

these high frequency components are very important be-
For obtaining resonators and filters having a cause when the fundamental mode is used the bandwidth

good temperature stability, discs of lithium tanta- of filters is much larger than that of devices ope-
late (X) and quartz (AT) were ion-milled rating at odd harmonic. Voltage controlled oscilla-

tors with relatively wide frequency shifts and filters
Lithium tantalate (LiTaO3) for telecommunications can be implemented advantageous-

ly with these new acoustic components.
A monolithic lithium tantalate filter operating

at 230 MHz has been realized. The initial crystal Acknowledgements
were 6 mm in diameter and 50 pm thick. After milling,
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THE RELATIONSHIP BETWELN QUARTZ SURFACE MORPHOLOGY
AND THE Q OF HIGH FREQUENCY RESONATORS

R. N. Castellano, T. R. Meeker and R. C. Sundahl
Bell Telephone Laboratories, Incorporated

Allentown, Pennsylvania 18103

and

J. C. Jacobs
Western Electric Company

North Andover, MN.ssachusetts 01845

Summary Introduction

Surface inhomogeneties caused by mechan- It is well known that surface imperfect-
ical lapping contribute to surface stresses ions can adversely affect the performance of
and energy dissipation and result in noise, 1-3
rapid aging, drive sensitivity, and frequency piezoelectric resonators . Surface inhomo-

versus temperature irregularities. As a re- genetles caused by mechanical lapping contri-

sult, several authors have stressed the need bute to surface stresses and energy dissipation

of utilizing polished quartz plates in order and result in noise, rapid aging, drive sensi-

to achieve a Q limited only by the quartz tivity, and frequency versus temerature

itself. irregularities. For high frequency resonators,
this damaged layer is normally removed by pol-

An alternative approach evaluated in this ishing followed by light chemical etching. As

study is to utilize a 3 pm lapped an -
! deep- a result, several authors

1
'
2 
have stressed the

-tched plate in the fabrication of high fre- need of utilizing polished quartz plates in
qu2incy resonators. Sufficient material can be order to achieve a Q (quality factor) limited
removed by the etching to es3entially elimi- only by the quartz itself. In addition,
nate the dai,aged layer caused by the lapping polished plate has a lower surface area than a
operation, lapped plate, which could result in less adsorp-

tion of residual contaminants and a lower aging
The resonator Q reaches a maximum value rate. However, a polished plate 13 subject to

at Af/f 2=1.6 upon chemical etching and then minor scratches during the high friction of the

decreases with further etching. At this point, mechanical polishing operation. Also, the

there is litt'e loss in Q or device perform- adherence of gold electrodes is poor so that

ance when compared to rebonators made from careful handling is necessary. Finally, the

polished plates. The change in Q with in- polishing operation contributes to the cost of

creasing Af/f
2 

is proportional to the reson- the plate.

ator frequency, whereas the value of An alternative technique is to utilize a
Af/f2MAX is independent of resonator frequency, lapped and deep-etched plate in the fabrication

of high frequency resonators. Sufficient mater-

The overall surface of these plates ial can be removed from each major surface to

appears to become smoother with increasing essentially eliminate the damaged layer caused

chemical etching. However, close examination by the lapping operation. The deep-etching

reveals that the depths of the surface reduces the surface area and the amount of

striations increases as the amount of material adsorbed contaminants. In audition, savings
2 in the cost of the plate could be realized by

removed increases. At a removal of Af/f =0.73, the elimination of the polishing operation.
the depth of the striations is approximately

0.3 pm and the width is 5 pm. As more mater- Miller
3 
has shown that the amount of chem-

ial is removed during etching, the striations ical etching is an important parameter in the
become broader and extend deeper into the performance and Q of 8 MPz fundamental mode
plate. monolithic crystal filters. The Q reaches a

maximum at a removal of 50 KHz and remains
The Q degradation phenomenon is shown to level upon subsequent etching to 1000 KHz re-

be correlated with the depth (d), and width, moval. Polishing increases the Q only 10%.
,w), of surface striations initiated by mechan-
ical lapping and enhanced by chemical etching. This memorandum describes an investigation
A Rayleigh scattering model is proposed to ex- into the relationship between surface morphology
plain the degradation in resonator Q by the and performance of high frequency resonators.
elastic scattering of an acoustic wave by these An optimum etch condition has been determined.

striations. This model predicts that the In addition, the results of this and other
degradation in Q should follow the form: investigations are interpreted in terms of a

Rayleigh scattering model, suggesting the
1 K 

2 2 
4 existence of an optimum etch condition whiohQ K(varies with resonant frequency.

where K is a constant. This equation can be
used to predict the loss in Q of resonators Q Degradation

made from lapped and etched plates as a func-
tion of frequency and extent of chemical etch- Natural AT-cut quartz plates were lapped

Ing. witY. a 3 pm or 5 Pm abrasive and etched in a
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saturated ammonium bifluoride solution at 50
0
C. I-A. is the incident wave amplitude, R is the

Figure 1 illustrates the change in Q with in- distance of the particle from the point of

creasing chemical etching of 28 MHz, 5th over- observation, T is the volume of the particle,

tone resonators. The resonator Q reaches a X is the wavelength, and G is tl.e angle be-

maximum value upon chemical etching and then tween the direction of observation and the

decreases with further etching. The initial direction of the incident wave. The model is

increase is believed due to the removal of sur- valid for cases in which X > T
1 / 3 .

face damage caused by lapping. This maximum
occurs at a removal of 1.4 pm from the lapped This model has been applied to the scat-

surface corresponding to a Af/f 2MAX of 1.6. tering of acoustic waves by grains in poly-

At this point, there is little loss in Q or crystalline metals . In this present case,

device performance when compared to resonators the particles are the surface discontinuities

made from polished plates. The change in Q is produced by the mechanical lapping and deep-

less pronounced as the resonator frequency de- etching.

creases, whereas Af/f 2MAX is independent of The total energy scattered (S.E.) from

resonator frequency. single particle is proportional to the square
of the scattered amplitude integrated over the

Surface Morphology angles of scattering so that for N particles:

The overall surface of these plates 2K N 2
appears to become smoother with increasing Total S.E. = (I.A.) 14 E Ti (2)

chemical etching when evaluated with an SEM X i=o

(Figures 2 and 3). This seems to contradict
the data in Figure 1, since a polished plate, where K is a constant. Since the volume of a

free of surface roughness, produces a device particle or crevice (Ti) is approximately

with a high Q (3.65 x 10 5). However, close proportional to the square of the cross sec-

examination reveals that the depths of the sur- tional width (w) times the depth (d), then

face striations caused by the anisotropy of from the summation in equation (2):

chemical etching increaes as the amount of
material removed increases. This is supported 2 2 2
in Figures 2 and 3 where profilometer traces Z T I  ."(w d) 3)
of these plates show the actual surface rough- i=o

2
ness. At a removal of 118 KHz (Af/f =0.7), However, the total area over the plate is
the depth of the crevices extends approximately
0.3 pm into the plate and has a width of 5 Pm. A t w(
As more material is removed during etching, the tot
crevices become broader and extend deeper into

- so thL: equation (3) becomes:
the plate. At a removal of 3300 KHz 'Af/f'=
20.8) the depth of the3e crevices is 1.7 pm 2
and the width is approximately 60 ron. E Ti - w d

2  
(5)

i=o
There is little difference in the

profilometer traces between the unetched plate Since Ate t (I.A.)
2 

is proportional to the
and the plate etched 118 KHz. However, quartz
surfaces investigated by reflection high energy total incde-,t e><rr-.' from equaticn (2),

diffraction (RHEED)
5 
indicate that the surface 2 d2

of the unetched plate is mostly amorphous oTal S..E . ( 6)
whereas the surface of the plate etched 118 Total I.E. ' T

KHz is entirely crystalline (the RHEED pattern
consists of very sharp, well developed Kikuchi The quilify factor or Q of a resonator

lines). Estimates of typical crevice widths is jiven K;

(w) and depths (d) are listed in Table I, to-
gether with appropriate frequency, Q 'alues, Q = 21 (energy stored) (7)
and etch conditions. (energy dissipated per cycle

It is believed that the decrease in reson- Substituting into equation 6 gives

ator Q with increased chemical etching is due
to the effect of the surface morphology of the - K w

2  
"'2 2,L

quartz plate. Q K = K 7wd (8)

Rayleigh Model
Tnis model predicts thst as tne width and

The experimental observations in Figure 4 depth of the crevices ncreases, 'l Q is

can be interpreted in terms nf a Rayleigh degraded, It also precK.!ts a decr.- 1 .,

4 for a given etch condition (cc' *a: , as
scattering model. Rayleigh has shown that the f increases, which is in agreement with
PlastIc scattering of an acoustic wave by a 1
single particle is given by: .arner

S.A. .7T c )The measured Q of a device is affected

T.A. -2 (1 +Cos ) by several parameters: the intrinsic Q of
R2 the quartz, the energy losses due to mounting,

and the en'gy losses caused by surface
where S.A. is the scattered 

wave amplitude,
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stresses and imperfections. 2. Smagin, A. G., Kristallografiya, 4, 6,
862-866 (1959).

-measured = Qblk Q.,ouiting surface 3. Milier, A. J., Proc. of 24th Annual Sym-
(lapped) posium on Frequency Control, USAEC, 93-103

For a polished plate with a highly crystalline 
(1970).

surface -1rface is negligible so that 4. Rayleigh, Theory of Sound, Vol. II, p. 152,
suf (MacMillan, N. Y. 1929).

Q_ -1 Q-1i (10)measured bulk + mounting 5. Vig, J. R., Cook, C. F., Schwidtal, K.,
(polished) Lebus, J. W., Hafner, E., Prc. of 28th

Annual Symposium on Frequency Control,
The effect of the surface morphology on the Q USAEC, 96-108 (1975).
of the resonator is thus

6. Mason, W. P. and McSkimin, H. J.,

Q s 1 Q me su e 1md (11) J. Acoust. Soc. Am., 19, 464-473 (1947).Qsurface = measured - measured

(lapped) (polished)

So that equation (8) now becomes: EFFECT OF SURFACE REMOVAL

-1 2 4 BY CHEMICAL ETCHING
Qsurface = K' ON 0 OF 28 MHz RESONATORS

Thus a plot of in Qs versus in w2 d 2 f 4  3.5
surface

should be linear with a slope of 1.0. Data in
Table I is plotted in Figure 4 and agrees quite 30 o
well with the above Rayleigh scattering model.
The slope of this curve, plotted for several 25
frequencies and device codes is 0.77 as calcu-
lated from a least square fit program. From
the experinental data, equation (12) becomes: '2.0

- 12 (d w2f4 0.77 1.5SURFACE
surface - 5.57 x 10 (13) DAMAGE

Energy loss due to the perturbation of te 1.0 o SURFACE
S-MORPHOLOGY

plate surfaces by lapping and etching is thus MP -

a funtion of the frequency and morphology of

the quartz plate. A plot of dw versus Af/f
2

is riven in Firure 5. Values extracted from
this curve can be inserted into equation (13) C
lo estimate the loss of Q for a high frequency 0 500 1O00 1500 2000 2500 3000 350(

device. kHz REMOVED

Conclusion FIG. I Change in Q with increasing chemical etching in

KHz of 28 MHz, 5th overtone resonators.It has been observed that the Q of higP.

frequency resonators reaches a maximum value
upon chemical etching and then decreases with
further etching. This maximum occurs at a

removal of 1.4 Wm (Af/f2 = 1.60) from the 3 Pm
abrasive lapped surface. Little loss in Q or
device performance is discernible when compared
to re3onators made from polished plates.

The decrease in Q upon subsequent chemical
etching is due to the increase in the width and
depth of crevices introduced to the plate by
mechanical lapping and enhanced by chemical
etching. A Rayleigh scattering model has been
proposed to explain the degradation of Q by the
elastic scattering of an acoustic wave by these
crevices. Equation 13 can be used to predict
the loss in Q of resonators made from lapped
and deep-etched plates at various frequencies
compared to those devices made from polished
plates.
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CHEMICALLY POLISHED QUARTZ

John R. Vig, John W. LeBus and Raymond L. Filler
US Army Electronics Technology & Devices Laboratory (ECOM)

Fort Monmouth, NJ 07703

Summary

Etching in a saturated solution of ammonium bi-
fluoride is shown to be capable of producing chemi-
cally polished AT-cut quartz surfaces over a broad
range of conditions. The quality of chemical polish
depends primarily on the surface finish prior to etch-
ing, the depth of etch and the quality of quartz used.
The speed of polishing depends primarily on the tem-
perature of the etching bath. In an 88C etching bath,
starting with 3iM lapped blanks, chemically polished
blanks with a surface roughness of O.l1im and a rough-
ness angle of 10 can be produced in 15 minutes. Start-
ing with a finer surface finish can produce a smoother
chemically polished surface.

Chemically polished blanks are shown to be ex-
tremely strong. Fundamental mode 20 MHz resonators
made with chemically polished natural quartz blanks
showed no Q degradation with increasing depth of etch.

Of sixteen different varieties of cultured quartz
from ten different growers, most were found not to be
suitable for chemical polishing because of a large
number of etch channels generated by the etching. The Fig. 1. Polished surface after etching.
incidence of channels varied greatly from cultured
quartz to cultured quartz. A vacuum swept cultured crystal surfaces.
quartz was the only variety from which chemical polish-
ing could produce blanks free of etch channels. Of a Chemical Polishing
large number of 6.4mm diameter chemically polished
natural quartz blanks, approximately 2/3 were free At the beginning of this study a literature search
of etch channels. was conducted to determine what previous studies, if

any, have been reported on the subject of polishing
Key Words. Etching, Polishing, Quartz, Quartz quartz chemically. No such reports were found. Per-

Resonators, Quartz Crystals, Etch Pits, Etch Channels, haps this is due to the fact that it has been widely
Dislocations, Cultured Quartz, Ammonium Bifluuride, known that the etch rates of quartz vary greatly with
Chemical Polishing, Lapping crystallographic direction 4 . The rate along the

fastest etch direction, the Z direction, is over one
Introduction hundred times the rate along the slowest etch direction,

which is the-X direction for right handed quartz. At
High precision and high frequency quartz reson- first glance, therefore, achieving a chemically polished

ators, particularly those for high shock applications, quartz surface may seem like a hopeless task.
require quartz plates whose surfaces are free of im-
perfections, such as scratches and pits. The most It has, however, been shown that other highly anis-
common method of achieving such surfaces is mechanical otropic materials, such as silicon and germanium, can be
polishing. The mechanical polishing processes are dif- polished chemically. To understand why such anisotropic
ficult to control (i.e., it is difficult to produce de- materials can be so polished, let us examine the etching
fect-free surfaces, at the correct frequency, with a mechanism.
high yield). Moreover, as has been kncwn since the
last century, even when the polished surfaces appear Etching can be considered to be a five step pro-
to be free of defects when examined at high magni- cess. The etchant must:
fication, the surfaces contain hidden defects

1',.
These defects can be revealed by X-ray diffraction 1. diffuse to the surface,
topography' and by etching subsequent to polishing. 2. be adsorbed,

3. react chemically;,
Figure 1 is an SEM micrograph which 

shows the two

most commonly observed defects revealed by etching the reaction products must
polished quartz blanks: scratch marks and pits. As
we shall discuss later, the pits often extend deep into 4. be desorbed
the blanks. and 5. diffuse away from the surface.

The objective of the study to be described in The etching rate may be limited by any one of these
this paper was to overcome the difficulties associated steps. In chemical polishing, the rate controlling step
with mechanical polishing by finding an etching pro- is generally the diffusion to or from the surface. Dif-
cedure capable of producing chemically polished quartz fusion control means that, in particular, the inherent
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rate at which a reaction takes place at the surface is depths of etch normally used in crystal fabrication have
higher than the rate of diffusion; i.e., the etchant been small enough so that it did not matter if f meant
molecules at the surface react at a rate which is faster fo or f For the deep etches evaluated in thele ex-
than the rate at which the concentration at the surface periments the proper unit is foff. (ince to - To and
can be replenished by the diffusion of other etchant Af
molecules. A depleted surface layer therefore exists, tf -f , At f f- ) For AT-cut quartz, Ifoff=
outside which the etchant concentration is uniform, but 0 f
inside which the concentration decreases to near zero 1.66um removed from the thickness.
at the surface.

Surface Evaluation
Under such conditions, the etching is principally

determined not by the properties of the surface being The etched blanks were first inspected with a
etched, but by the diffusion. It is clear that if a light microscope to assure that no gross defects were
surface initially consists of hills and valleys, as present. The blanks were then examined with a scanning
shown in Fig. 2., the probability of an etchant mole- electron microscope (SEM), and with a Talysurf profile
cule diffusing to the top of a hill will be much greater meters.
than the probability of it diffusing to the bottom of
a valley. The hills will therefore be etched faster The topography of deeply etched AT-cut quartz sur-
than the valleys, and the surface will become increas- faces consist of hills and valleys which extend in a
ingly smooth as the etching progresses. direction about 40 from the X axis. Therefore, in both

the SEM and profile meter measurements, the topography
appears smoothest when examined along a direction paral-

. . lel to the hills and valleys, and appears roughest when
- examined perpendicular to the hills and valleys. Fig.

4 shows SEM micrographs of the same surface taken from
the two different angles. These SEM micrographs, as
well as all the others in this paper, were taken along
an observation angle of 600 from the normal in order to
provide good contrast and resolution. The micrograph
on the left was taken looking along the hills and val-
leys; the micrograph on the right was taken looking
across the hills and valleys. The scale is represented

/ by an oval because of the oblique observation angle
used.

Fig. 2. A rough surface at the beginning of etching. i

Eventually, the surface becomes so smooth that the
depleted layer can have uniform thickness everywhere,
e.g., as shown in Fig. 3. From that point, the surface
is etched evenly everywhere, and the surface smoothness
no longer improves with further etching. Chemically
polished surfaces are therefore not perfectly flat but
are microscopically undulating.

Fig. 3. Chemically polished surface. - 7.20 urn

Etching Experiments f°ff

Not enough information exists at the present for Fig. 4. SEM micrographs of the same surface from two
one to be able to predict the conditions under which a different observation angles.
given etchant can chemically polish quartz. At the be-
ginning of this study, an empirical evaluation of a Similarly, Fig. 5 shows profile meter scans for the
number of the know etchants for quartz was planned, same surface along the two orthogonal directions. The
The evaluation began with ammonium bifluoride (NH FHF), profile meter is a stylus type instrument, similar tc
simply because that had been the etchant used in ur a phonograph. A very fine diamond needle is moved a-
fabrication process, and was therefore the most readily cross the surface. The up and down displacements of
available. As it turned out, we need not have looked the needle are converted to an electrical signal which
any further. is displayed on a chart. Since the depths of the val-

leys were generally small compared to the separations
Most of the experiments were performed on AT-cut of the hills, the vertical scale in this example is

plano-plano natural quartz blanks which had been final magnified 200 times as compared to the horizontal scale.
lapped with 3pm MICROGRIT aluminum oxide abrasive', then The surface appears roughest along the Z direction,
etched under various conditions in increments up to i.e., the direction where the needle is moving perpen-
f=16Ofoff, where tf is the change in frequency in kHz, dicular to the hills and valleys. It is, therefore,

and fo and ff are the initial and final frequencies, this direction on which all calculations of surface
respectivelyin MHz. In the past, the depth of etch rouqhness in this paper are based.
has usually been expressed In units of f2 because the
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- Drive. During most of the experiments, the motor was
set to rotate the etching jig through an angle of ap-
proximately 3600 before reversing direction. The rate
of agitation was about 5 cycles per minute.

Fig. 5. Profile meter scans of the same surface
along two orthogonal directions.

The Z direction profile meter scans were digit-
ized 9, and from this data the surface topography was
characterized for each sample by two parameters: the
surface roughness and the roughness angle. The sur-
face roughness was derived by calculating the root
mean square deviation fro; an imaginary, smooth "zero
spacially averaged" line which is chosen so that the
area of mountains above this line is equal to the area
of valleys under this line. The roughness angle is
the average angle which the sides of the hills make
with the plane of the crystal blank.

Etching Aparatus

The etching experiments were performed in the
double beaker arrangement shown in Fig. 6. A 1000ml
glass outer beaker contains water and a floating 400mi
Teflon beaker00 , which in turn contains the saturated
ammonium bifluoride solution. A temperature controlled
stirring hot plate with a thermistor sensor1 l was used
to control the temperature of the water surrounding Fig. 6. Etching Apparatus
the Teflon beaker. The temperature of the ammonium
bifluoride solution could thus be controlled to about Etching Procedure
±l.5 0C. A thick Teflon disc with a diameter slightly
larger than the outer beaker was used as a cover to The etching procedure consists of the following
minimize evaporation from the beakers. T~e weight of steps:
this disc also served to push the inner beaker down to
assure that the fluid level in the inner beaker was al-
ways about 3 cm below the water level in the outer 1. A saturated solution of ammonium bifluoride
beaker. A hole through the center of the disc permitted is prepared in a Teflon container. The ammonium bi-
the agitation of crystals during etching. fluoride (NH F.HF) flakes" are mixed with distilled

water, and t~e solution heated to the desired tempera-
Since the thermal conductivity of the Teflon ture. The amount of NH F.HF used is such that after

beaker is low, to minimize the time required for the the solution reaches thi equilibrium temperature, some
temperature of the inner bath to reach equilibrium undissolved flakes remain in the bottom of the con-
with the outer bath, when the hot plate was first tainer throughout the etching process. (The solubility
turned on, the inner bath was preheated in boiling of NH F'HF in water increases from 61 gms per 100 ml of
water in a separate container. Even with this method solution at 60'C to 86 gms per 100 ml at 100

0
C
1
4.)

it took well over an hour after the hot plate was turn- The solution preparation and the etching are performed
ed on for the inner bath to stabilize at 850 C, for ex- under a vented hood to prevent inhalation of the vapors
ample. In production, it may be prefereable to use from the etching bath.
direct heating of the solution by means of an alumina
or Teflon coated immersion heater. 2. The crystals are cleaned thoroughly. To

assure that the surfaces are etched evenly, it is par-
The crystals were held in a Teflon jig which was ticularly important to remove all contaminants such as

designed to assure that only point contacts existed waxes and greases, which may be impervious to the etchant.
between the jig and the crystals. For crystals with The crystals used in these experiments were thoroughly
a diameter greater than 16 mm a commercially avail- degreased by a process which included the immersion of
able jig 1 2 was found to be adequate. For the smaller the blanks in ethyl alcohol in a Petri dish whose bot-
crystals used throughout most of our experiments, a tom was lined with open cell urethane foam, then scrub-
small "home made" Teflon jig was used, which fit on bing both sides of each blank with a foam swab. The
the same Teflon handle as the commercial device, crystals were then placed into the slots in the etching

jig and agitated ultrasonically in a detergent solution,
The crystals were agitated slowly in both direc- then rinsed thoroughly. Plasma cleaning in an oxygen

tions by means of a constant speed electric motor, plasmal s has been found to be a reliable alternative to
a (now obsolete) Hewlett-Packard Model 297A Sweep scrubbing.
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3. From the final rinse the crystals are trans- a two minute rinse in 950C water16 . The authors of this
ferred, while wet, into the etching bath, and are jig- paper ascribe the "tenacious behavior of the fluoride
gled around to make sure that there are no trapped air ion...to the strength of the silicon-fluoride bond (136
bubbles in the etching jig. During etching, the crys- kcal/mol compared to 106 kcal/mol for Si-O) on the ...
tals are agitated in both directions to assure even S102 surface". A careful analysis by Auger Electron
etching on both sides. The approximate etching time Spectroscopy of several etched nuartz blanks which had
can be calculated from the etching rate vs. temperature been rinsed thoioughly with distilled water failed to re-
curve, Fig. 7, which will be discussed later, veal any traces of fluorine on the surfaces. (To mini-

mize the possibility of electron beam induced desorption
of the fluorine, the samples were translated across the

T (*C) primary beam continuously while repeatedly scanning aT (00 - narrow range of energies about the fluorine peak.)i ,5 458 5 65 5
1.2 Inspection Procedure

1.0 1 I ii T T .... ... The inspection of etched blanks is performed under

0.8 . . ....... a microscope at about 40X magnification, with the light
-T): Ii .incidence perpendicular to the axis of the microscope,

0.6 ' and with using a black background. First the crystal
is inspectedfor surface irregularities such as scratch

. .. marks, pits and twinned areas by tilting the crystal so
as to reflect light into the microscope. The crystal

0.4 is then inspected for etch channels by holding it so
f Ithat the light incidence is in the plane of the crystal

ffft 0.3 -. (i.e., edge illumination). The etch channels are mostf f visible when the edge illumination is incident alongr, i a direction perpendicular to the direction of the chan-
. .........I nels. For example, in most cultured quartz, the etch

channels tend to be along directions near the Z direc-
I . I tion. These channels are most easily visible therefore

with the light incident from the X direction. To help
make the etch channels more visible without rotating the

:. crystals, it is helpful to use for the edge illumination
0.1Iflif i,, two lights incident at a right angle to each other, or

a ring light. The etch channels appear as small, bright
0.04 streaks which extend through the blank from one side to

the other. The thicker the blank, the longer the streaks,

and the deeper the blank has been etched, the brighter
the streaks.

2.1 21 2.9 3.0 3.1 3.2 Etching Variables

IX 01(K'- ) The etching variables investigated in this studyT were: the depth of etch, the surface finish prior to

d etching, the etching temperature, agitation during
etching, etching bath depletion, and the quality of

Fig. 7. Temperature dependence of etching rate. quartz used.

4. After the crystals reach the desired fre- a. Depth of Etch
quency, the etching jig is removed rapidly from the
etch bath and is immersed immediately into a container Figure 8 shows an SEM micrograph of the 3 pm alumina

of hot water, given a thorough rinse under running hot lapped surface prior to etching. The surface is filled
water, then agitated ultrasonically in hot water, then with pits, crevices, and loose and nearly loose particles.
given another rinse in running distilled water, then After etching to Af = l.5foff, the loose and nearly
dried by spin drying. A thorough rinse is important loose particles have been etched away, as shown in Fig.
in order to remove all residues of the etchant. 9, however, numerous pits remain visible. A surface

etched to Af = 2.lfoff, Fig. 10, shows fewer pits. The
5. The crystals are then inspected under a pits have become broader and shallower.

microscope for uniformity of etch, and for defects such
as scratch marks, etch pits and etch channels. Fig. 11 shows the topography corresponding to a

depth of etch of Af = 3.6foff. Evidence of the surface
Non-uniform appearance of the etched surfaces can damage produced by lapping has nearly disappeared. The

have the following causes: a. contamination on the hills and valleys, which tend to extend along about the
crystals prior to etching, b. contamination in the etch X direction, have become more apparent. The surface
bath which adsorbs onto the crystals, c. air bubbles on roughness at this point is 0.19 um, and the roughness
the crystals which remain after the crystals are im- angle is 2.90.
mersed in the etch bath, d. contact between the crys-
tals and the etching jig due to poor jig design or in- As the etching progresses, the hills move further
adequate agitation, e. poor quality quartz in which a apart, and the valleys become shallower. Fig. 12 and
large number of etch pits and etch channels are pro- 13 show the topographies corresponding to depths of
duced by the etching, and f. inadequate rinsing at the etch of Af - 8.9f f and af - 31.5f f The surface
completion of etching. roughnesses and rBu hness angles ar 6.13 um and 2.20,

and 0.09 Pm and 0.70, respectively.
Silicon dioxide surfaces on oxidized silicon

slices have been shown to retain fluorides even after Upon further etching, the topography changes less
and less with increasing depth of etch. The surface
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roughnesses and roughness angles approach the equili-
brium values of 0.075 pm and 0.250, respectively.tee- ,
yand a depth of etch of Af =8Cf ff, the topography no * -

longer changes with increasing depth of etch. Fi ? 14 -
shows an SEM microcraph for a surface etched to A
85foff. M

The effect of the hills and valleys on the sur-
face areas of these chemically polished blanks is
small. For example, at a depth of etch of Af -25foff,
the ratio of surface areas between chemically polished _
blanks and "perfectly" polished blanks is less than
0.01%.

"i' - Fig. 11. Surface etched to :Af = 2.lfoff.

Fig. 9. Urfeetched to m lape sur fe.

/_r we

Fig. 1?. Surface etched to Lf 2.1foff.

13 5"

Fig. 18. Surfaed ethe to lape surface. f

0 20 35



in Figs. 15 and 16. The equilibrium surface roughnesses
are 0.45 Pm and 0.075 um; the equilibrium roughness
angles are 0.750 and 0.250 , respectively. The ratios
of the equilibrium values for these two groups are of
the same order as the ratios of the average particle
sizes of the two abrasives used in the final lapping.

r ,.2

. +

Fig. 13. Surface etched to Af = 31.5Sfof f  o2 o. -) f W
06 0

20 40m 60 8 0 2

fot 
f
fIn (M~z)

2

' Fig. iS. Surface roughness vs. depth of etching for
. .; ;. 3 pm and 12 pm lapped blanks.

3.0

d Fig. 14. Surface etched to Af = 8f f of . 2 3j-

b. Surface Finish Prior to Etching

Four groups of crystal blanks, each with a different

surface finish prior to etching, were etched at 850C.The surface roughness and roughness angle vs. depth of ocn-

of etch was determined for each group. The four
groups were prepared as follows: one group was cut I

I I I I I
with a diamond saw blade C80 grit) and was not lap- C 2 40 60 80 =00 120 ,40
ped at all, the second group was final lapped with

12 pm MICROGRIT aluminum oxide abrasive, the third At 6Hz
group was final lapped with 3 pm MICROGRIT, and ff n(H)
the fourth group was lapped with 3 pm MICROGRIT, etched, f MH)

then polished with cerium oxide.
Fig. 16. Roughness angle vs. depth of etching for

The surface roughnesses and roughness angles of 3 pm and 12 pm lapped blanks.
the blanks with the diamond saw blade surface finish
continued to decrease, with little sign of leveling The regular array of hills and valleys which de-

off, all the way to a depth of etch of 1Af = 300foff, veloped on the lapped blanks did not develop on the
the maximum depth to which this group was etched. group of polished blanks. The equilibrium topographies
The surface roughnesses and roughness angles de- on these blanks consisted of smooth areas and scratch
creased nearly linearly from 3.0 m and 3.60, res- marks only. Fig. 17 shows the profile meter scan for
pectvely, at Af = llOfoff , to 1.2 pm and 0.9° at a polished blank after it was etched to f = 92f ff.
Ah 300foff. As the etching progressed, the blanks It shows a 0.28 pm deep scratch mark, plus some emaeler

became more and more transparent. ones. However, between the scratch marks, the surface
is smooth, to within the resolution of the profile

The surface roughnesses and roughness angles of meter, which is 0.01 pm.

both the 12 pm and 3 pm lapped groups leveled off after These results are consistent with the contention
a depth of etch of approximately =f 8f0foff, as shown

th mxiumdethtowhc tisgrupwa echd.gou o plihe bans.Te qulirim o136phe



The above results imply that the less deeply and
the more uniformly disturbed the surface is prior to

1-5 1 1 1 .1 etching, the smoother will be the chemically polished

7t7 surface. Accordingly, one should lap with as fine an
' -C abrasive prior to etching as possible. Since the finer

-42 'the abrasive, the slower the lapping, it may be pre-,N - -ferable to perform the chemical polishing in two steps
- - F| - - in order to attain the optimum surface finish. First,

lumln :to lap the crystals with a relatively coarse abrasive,/ IF- e.g., 3 wm, then etch to Af - 10f ff to remove the
-"damaged layer and chemically polish the surface. At

1001!m this point the (r.m.s.) surface roughness is 0.11 um,
- - -------. - and the profile meter scans show that the largest hills

on the surface (if the surface is free of etch channels)
_V extend less than 0.5 om above the valleys. To produce

a semi-polished surface, it is therefore sufficient to
Fig. 17. Profile meter scan of polished blank after remove Af = 0.3f2 with a fine abrasive. From such a

etching to Af = 92foff. semi-polished surface, a small amount of etching should
produce a very smooth chemically polished surface.

that the etching is diffusion controlled. The rougher In our experience, etching surfaces which had been
the initial surface, the rougher the final equilibrium fully polished with cerium oxide prior to etching have
surface, where the depleted surface layer of etching generally produced scratch marks. Although the above
solution has uniform thickness everywhere, and the hills suggestion for using a semi-polished surface for chemi-
therefore, are no longer etched faster than the valleys. cal polishing has not yet been proven experimentally,
A smooth, undisturbed initial surface remains smooth the semi-polished surface may be preferable to a fully
even after a large amount of material is removed by the polished one, because rather than aiming for a perfect-
etching. No signs of preferential etching along the ly scratch free surface, lapping with a fine abrasive
different crystallographic axes appeared on the polish- produces a uniformly "scratched" surface similar to the
ed blanks, ones produced by the 12 um and 3 pm abrasives, except

on a smaller scale.
The scratch marks represent lattice disturbances

which had been produced by the mechanical polishing
operation. The reason these regions are etched faster c. Temperature
than the surrounding areas is the same as the reason
for the formation of etch'pits and etch channels, which The temperature at which the etching is performed does

will be discussed later in this paper. not have a significant effect on the final surface
roughness in the temperature range studied, 450C to

The results above for the 12 Vm and 3 pm lapped 900C. The temperature does, however, have a signifi-

surfaces are not necessarily representative of surfaces cant effect on the rate of etching. Fig. 7 shows a

lapped with the same size designation abrasives from semi-log plot of the temperature dependence of etch
different manufacturers. The typical size distribution rate in saturated ammonium bifluoride. (Note the
curves for the 12 um and 3 pm MICROGRIT WCA abrasives temperature scale in °C at the top of the graph.)
show the median particle diameters to be 11.75 pm and The rate increases from Af = 0.063foff per minute

2.85 pm respectively, and the maximum particle diameters at 450C, to Af = l.lfoff per minute at 90C. It is

to be approximately 30 pm and 10 pm, respectively 7 . lfoff per minute at 880 C, which implies that from a
The particles tend to have flat, platelet-like shapes. 3 um surface, a chemically polished surface can be
Fig. 18 shows a SEM micrograph of some 3 um suspension produced at this temperature in less than 15 minutes.
treated MICROGRIT WCA particles. Abrasives from other The etch rate curve in Fig. 7 fits the equation
manufacturers may have different particle size distribu-
tions and/or shapes, and may therefore produce different E
equilbrium sirface topographies upon chemical polishing. R(T) = Ae T

u where R(T) is the etch rate in units of kHz per (MHz)-

per minute, A equals 5.083 X 10 o , E (an
fn ( n

activation energy) equals 14.4 kcalfmol (=0.62eV), k
is Boltzmann's constant, and T is the temperature in
OK. All etch rates are the rates for chemically polish-

ed surfaces. (The initial etch rates on rough surfaces
are always higher.)

S .. The 14.4 kcal/mol activation energy is higher than
the activation energies characteristic of diffusion con-
trolled processes 6 , which are 4 to 6 kcal/mol. The sim-
ple expression above, however, does not take into ac-
count two effects. First, the etching solution is sat-
urated at all temperatures,which means that the concen-
tration increases with increasing temperature. Second-
ly, the etching reaction liberates heat which makes the

3 , temperature at which the reaction takes place higher

than the bulk solution temperature. Both of these ef-
fects tend to change the apparent activation energy to
a value which Is higher than the "true" activation ener-

Fig. 18. 3 um MICROGRIT abrasive. gy of the etching.
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d. Agitation in the etch channels, therefore, is likely to adversely
affect the resonator's stability. Since the etch rate

The agitation rate has only a minor effect on the etch through the etch channels can be about 100 times as
rate. For example, the etch rate with an agitation high as through the rest of the blank, even lightly
rate of 50 cycles per minute was compared with the etched blanks may contain channels which extend at
etch rate with no agitation, at 850C. A group of crys- least part way into the blanks.
tals was etched in 15 minute increments alternating be-
tween agitation and no agitation. The etch rates were The second reason is that the inspection for etch
found to be l% higher during the agitation periods, channels can be performed early in the resonator fabri-

cation sequence. For example, in the fabrication of
Such a change in etch rate at 850C could be ac- circular resonators, a deep etch and inspection for

counted for by a change in etchant temperature of only channels can follo the rounding operation, at which
20C, which is close to the uncertainty in our tempera- point the cost of a blank is still relatively small.
ture control. This uncertainty in temperature control The deep etch at that point can also serve to prepare
could therefore possibly account for at least part of the blanks for fine lapping by removing material from
the observed increase in etch rate. the blanks rapidly, conveniently, without angle change,

and without producing any surface damage. (In fact,
While agitation does not appear to have a signifi- the deep etch removes the surface damage left by the

cant effect on the etch rate, proper agitation, pre- previous abrasive.)
ferably in both directions, is important to assure
that the crystals are etched uniformly on both sides. Since the institution of the deep etch followed
Agitation also serves to minimize temperature gradients by inspection as part of our resonator fabrication pro-
in the etch bath, which in turn minimizes the blank to cess, we have inspected well over one thousand natural
blank etch rate variations, quartz blanks, in several lots. The blanks were 6.4 mm

diameter, and were intended for being made into 20 MHz
e. Etch Bath Depletion fundamental resonators. The incidence of etch channels

in these 6.4 mm diameter blanks was between 30% and
To obtain an indication of the effects of a severe de- 40%, i.e., in each lot, 60% to 70% of the blanks were
pletion of the etch bath, a handful (approximately 40 free of etch channels. In larger diameter blanks,
gms) of crystal blanks were dissolved completely in of course, the incidence of etch channels is higher.
approximately 200 ml of etching solution. This is e-
quivalent to the depletion that would be produced in When the chemical polishing was attemped on a
a one liter etch bath by etchinq 100,000 blanks of group of cultured quartz blanks, the resulting sur-
6.4 mm diameter to Af = 14foff. The "depleted" etch faces appeared to the unaided eye to be unevenly etched.
bath contained enough NH4 F'HF flakes to assure that A closcr examination of the surfaces revealed that the
some undissolved flakes remained on the bottom of the poor chemical polish was due to a very large number of
bath after all the crystal blanks had dissolved, etch pits on the surfaces, most of which were the term-

inationsof etch channels. Figs. 19, 20 and 21 show
A group of blanks was then etched in this bath SEM micrographs at different magnifications of one

f 4 t 0 f  1such surface showing the etch pits and etch channels.
from 14.8 MHz to 20.0 MHz 17.6) at 530C. SEM None of the blanks in this group were free of etch

f channels.
photos of the etched surfaces revealed no differenLe
between these surfaces and surfaces etched the same
amount in a fresh etching bath. The etching rate in
the depleted etch bath, however, was lower by a factor
of seven.

No attempt was made to chemically analyze the de-
pleted etch bath. Judge1 8 has, however, examined by *
Raman spectroscopy a solution of NH F and HF ("7:1
buffered HF") before and after dissolving Si0 2 in it
The "before" soiution showed no detectable absorptins.
In the spectrum of the solution with SiO dissolved in
it, "a very large number of peaks are oberved, indica-
ting the presence of multiple product specips". The
lower etch rate in the "depleted" etch bath is pro-
bably due to the presence of a high concentration of
these species.

f. Quality of Quartz - Natural vs. Cultured

At the completion of chemical polishing, the blanks
are inspected for etch pits and etch channels using
the technique described earlier. At the two points
where an etch channel intersects the blank surfaces
etch pits have always been found, however, the etch
pits are not always associated with etch channels.
Although the effects of etch pits and etch channels
on resonator performance have not yet been determined,
we are currently rejecting all blanks with etch chan-
nels. There are primarily two reasons for this. First,
the etch channels are probably filled with ammonium bi-
fluoride at the completion of etching. Rinsing the
blanks will almost cerainly fail to remove all of the
fluorides from the channels. The presence of fluorides Fig. 19. A cultured quartz blank after etching.
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were in this second category. Fig. 22 shows a light mi-
crograph of how such a blank appears during inspection
with edge illumination. The remaining ten varieties
contained a large number of etch channels per cm

2 . In-
spection of blanks from the worst varieties in this
group is comparable to observing the Milky Way at night
- as shown in Fig. 23.

tAt

Fig. 20. Etch pits in cultured quartz.
Fig. 22. Etch channels observed under a microscope

with edge illiminatir.

:WA

Fig. 23. Etch channels in a blank made of poor

Fiq. 21. Etch channel a
t the bottom of an etch pit. quality cultured quartz.

To investigate how the different varieties of cul- The one variety which was free of etch channels was

tured quartz compare with natural quartz with respect vacuum swept at Sandia Laboratories by a process similar
to the incidence of etch channels, sixteen varieties to that described by King!' . Some of the effects of
of cultured quartz from ten different growes were sweeping in vacuum, as opposed to sweeping in other
deeply etched and inspected for etch channel,. ihree of atmospheres, has also been discussed by Krefft- , and by

the varieties were swept quartz. King and Sander ", who showed that resonators made from
vacuum swept cultured quartz exhibited much lower fre-

The sixteen varieties could be divided into three quency offsets after burst irradiation than resona-
catagories. One variety, a swept quartz, was free of tos made from natural quartz or air swept c ltAred
etch channels. Five varieties had only a few etch quartz.
channels per blank - on the order of 10 channels per
cm, of blank surface. The two remaining swept varieties We were able to obtain a few blanks from both the
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vacuum swept and unswept portions of the same bar of quartz. A group of natural quartz and.a group of one
cultured quartz. Whereas the blanks from the swept of the better quality cultured quartz blanks were etchedportion were completely free of etch channels (three and inspected for channels. From the group of natural
blanks were etched, each 15 ch in diameter) the blanks quartz blanks the ones with etch channels were elimin-
fromks the uethed, portion co indinmetrs th can- ated. The cultured quartz blanks were 7.6 -n diameter
from the unswept portion contained numerous etch chan- and contained about ten channels per blank. The two
nels. Fig. 24 shows a side by side comparison of the groups of blanks were etched simultaneously side )y
swept and unswept blanks as they appeared under the side, in the same etch bath, at 850 C. The ate of etch-microscope with edge illumination. Even after the
swept blanks were etched further, until a total of ing was measured, as usual, by measuing foff per m-

300 um was removed in an 850C etch bath, not a single ute. It was found that the etch rate for the cultured
etch channel was observable. There were, however, utz It was 1.6% highe en te eorie was
several etch pits visible on each of the surfaces. The quartz group was 1.6% higher. When the experiment was
number of etch pits on the vacuum swept blanks appeared repeated with a group of natural quartz blanks without
to be fewer than on the unswept blanks, although the any etch channels and a group of poor quality, "Milky
sample sizes were not large enough to allow us to draw Way-like" quartz, the etch rate of the "Milky Way"

a definite conclusion about this, especially since there quartz was found to be 4.9% higher. When two groups of

were areas on both types of blanks which were free of natural quartz blanks were etched side by side, al-

etch pits. though the groups had been obtained from different sup-
pliers and had different initial surface finishes (12
pm vs. 3 pm), different frequencies (6.5 MHz vs. 5 MHz),
and different geometries (circular vs. square), the two
etch rates differed by less than 0.2%. (All etch rates
are measured on chemically polished blanks.)

Fig. 24. Vacuum swept vs. unswept blanks from the same
bar of cultured quartz.

Etch channels in quartz have been observed pre-
viously

22
-
2
9
. 

They are probably a consequence of dis-
locations at which impurities had segregated

6
,
22

. Impur-
ities dissolved in the quartz, particularly those which Fig. 25. Etch pits in a deeply etched natural quartz
do not fit iito the lattice, segregate at dislocations. bn
There is a strain energy associated with the presence of blank.
these impurities which results in the dislocation being The Strengths of Chemically Polished Blanks
etched more readily than the rest of the surface, i.e.,
the activation energy for etching is reduced by the strain The theoretical inherent strengths of elastic ma-
energy. The dislocation may also act as a point of nu- terials are generally orders of magnitude greater than
cleation of attack. In such a case, when there is also the measured strengths of the ordinary forms of these
a considerable heat of reaction, the heat generated can materials. This reduction in strength is known to be
enhance both the diffusion and the rate of reaction in the caused principally by surface flaws, such as scratches,
vicinity of the dislocation, which can result in an etch which concentrate the applied stress and thereby lead to
channel and/or etch pit being formed. Fig. 25 shows an fracture at loads which are much lower than the theo-
SEM micrograph of etch pits on the surface of a deeply retical maximum. Removal of all flaws from the surface
etched (Af -

85
fnff) natural quartz blank. In natural permit the strengths of materials to approach the the-quartz, some of the etch channels may be due to fission oretical maximum. For example

3
l the theoretical

tracksO. strength of fused quartz (and of other glasses) is

about 1.8 X 1011 N/m
2
. The actual strengths measured

Sweeping is known to be able to remove interstitial are in the range of l0
7 

to 10' N/m . However, by heat-
impurities from quartz. The low incidence of etch chan- ing glasses to above their softening point (i.e., fire
nels in the three swept quartz varieties is probably due polishing) the surface flaws can be eliminated. The
to the relief of the strain energy associated with these strength of fire polished fused quartz has been measur-
impurities. The difference in the incidence of etch ed to be as high as 1.5 X 1010 N/rm, nearly as high as
channels between the vacuum swept quartz and the other the theoretical maximum.
two swept varieties (which were swept in air) may pos-
sibly be accounted for by the fact that when sweeping Since the surfaces of chemically polished quartz
takes palce in air, as the impurities in the crystal blanks appear to be free of surface damage, an exper-
diffuse toward the cathode, impurities from the air can iment was performed to determine how the strengths of
diffuse into the crystal from the anode side

20 .  
these blanks compare with the strengths of mechani-

cally polished blanks and with the strengths of lap-
The presence of etch channels also seems to be as- ped blanks. The experiment consisted of supporting

sociated with an apparent increase in the etch rate of the blanks only at the edge, placing a spherical
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indentor at the center of the blank, gradually increas- to above 100 MHz, the blanks flexed like very thin sheets
ing the load on the inientor, and measuring the load re- of mica. For example, holding such a blank at diametri-
quired to fracture the blank. A photograph of the ap- cally opposite points between two fingers the blank
paratus, together with a sketch of the area where the could be bent about 900 before it broke.
indentor contacts the blank, is shown in Fig. 26. The
indentor was a steel ball which was connected by means The Q of Chemically Polished Resonators
of a shaft to a platform on which a 2000 ml plastic
beaker could be placed. The load on the indentor was The Q of a resonator can be defined by
increased by pouring water into the beaker. The blank
was supported by a 0.5 mm wide rim made of a hard Enery Stored
plastic. 

Q 
= 

2T Energy Dissipated per Cycle

The energy dissipated per cycle is the sum of the ener-
gies dissipated by the various loss mechanisms. For a
chemically polished resonator, the losses may be due to:
the mounting, the bonding, the electrodes, contamination,

the atmosphere surrounding the resonator, the intrinsic
losses in the quartz, plus the losses due to the fea-
tures produced by chemical polishing, i.e., the regu-
lar array of hills and valleys, the etch channels and

the etch pits. Q-1 can therefore be expressed as the
sum of the Q-ils due to the various loss mechanisms,

'. /i.e.,

.... '7 =: - Q Qmounting Qbonding Qetch pits

i ' If the regular array of hills and valleys due to

chemical polishing produces an inherent Q degradation,
then in a group of resonators made from blanks which

Fig. 26. Apparatus for plank strength evaluation, received the same chemical polishing, the resonator

ith the highest Q represents a lower limit on the Q
A group of twelve 20 MHz, 6.4 mm diameter AT-cut achievable with that chemical polish (at the given

blanks were tested. The blanks had been etched l5foff, frequency).

from a 3 wm lapped initial surface. The average load
on the indentor at breakage was 2.2 kg. Two of the Since these investigations on chemical polishing
blanks did not break when the beaker was overflowing began, we have fabricated approximately 300 resonators
with water - a load of 3.1 kg. (These numbers should be using chemically polished blanks. All of the resona-
considered t- be only a semi-quantitative indication of tors were fundamental mode, in the 18 MHz to 22 MHz
the inherent strength of these blanks, because for ex- range. The blanks were plano-plano, 6.4 mm diameter
ample, each time a blank fractured, the rim on which natural quartz. Most of the resonators were of the
the blanks were supported was damaged. The load on the high shock, nickel electrobonded type described pre-
next blank, therefore, may not have been as uniformly viously

32
. The depths of etch ranged from f = 2foff

distributed.) to ,.f = 22foff. The surfaces prior to etching had

been lapped with 3 um MICROGRIT. For the highest Q
It was not possible with this apparatus to measure resonators in each group, the motional capacitances

the strengths of blanks of the same dimensions which had ranged from 12 fF to 13.5 fF, the resistances ranged
been mechanically polished or lapped with 3 bm abrasive, from 3o to 5Q, and the Q's thus ranged from 140,000 to

- because all such blanks broke due to the weight of the 210,000, with no apparent Q degradation with depth of
platform alone (i.e., without the beaker) - a weight of etch.
157 gms.

The highest Q resonators made from polished blanks
To place the strength of the chemically polished of the same blank geometry, but of a low shock nickel

blanks in perspective, consider the fact that the weight electrobonded design
33
, had Q's which were no higher

of a 20 MHz blank of 6.4 mm diameter is only 7.0 mg; (Q 180,000) than the highest Q resonators made from
i.e., the ratio between the average load on the indentor chemically polished blanks. In fact, the highest Q
at breakage and weight of the blank is about 300,000. resonator of that blank geometry we have made to date
This also means that the shock level at which the load (Q 210,000)was a 19 MHz high shock resonator, with a
on the blank due to its own weight is equal to the aver- depth of etch of f = l6foff.
age load on the indentor at breakage is 300,000g.

In an attempt to investigate the effect of an ex-
To obtain a rough approximation of the shock levels treme amount of etching, a group of crystal blanks were

the 20 MHz fundamental chemically polished blanks can etched from 10.5 MHz to 22.4 MHz, which corresponds to
survive when supported by four point mounts, the rim on a Af = 50forf. Prior to etching, these blanks had been
which the blanks were supported was reduced to four in process to be made into 20 MHz resonators. Normalls.
small areas 900 apart. The dimensions of each area were the blanks wouid have been lapped to at least 15 MHz
0.5 mm in the radial direction and 0.4 mm in the tan- with 3 um MICR.)GRIT before being etched to the final

gential direction. The average load on the indentor at frequency. Although the 10.5 MHz blanks were lapped
breakage was thus reduced to 550 gms, which corresponds with the 3 om abrasive, the amount of material removed
to a load due to a shock of about 80,000g. with this abrasive was much less than usual, and the

surface finish prior to etching may not have been a
An additional indication of the high resistance to true 3 om finish.

fracture in these chemically polished blanks is that
when some 14 mm diameter blanks were etched from 15 MHz The highest Q resonator in this group (of eleven
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resonators) had a Q of 110,000 (C 13.4 fF, R = 5i). Acknowledgements
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AGING ANALYSIS OF QUARTZ CRYSTAL UNITS WITH

T
1 

Pd Au ELECTRODES

G. L. Dybwad

Bell Telephone Laboratories, Incorporated -

Allentown, Pennsylvania 18103

Abstract Sloan deposition fixtures.
2 

The fixtures were equipped
with shadow masks to define the electrode patterns.

The observed frequency shifts with long storage The fixtures were then placed in an electron beam evap-
times at several isothermal temperatures indicate that orator (Temescal FC-1800) which was "dry pumped" using
diffusion of extraneous material into the Ti Pd Au thin a high speed turbomolegular pump. gressures were
film electrodes controls the aging process of 8 MHz maintained between 10

- 
and 4 x 10

- 
torr during the

AT-cut quartz crystal units. Crystal units were fabri- deposition. An automatic rate controller (Kronos,
cated using electron beam deposited Ti Pd Au elec- Inc.) regulated the deposition. The thickness of each
trodes, sealed in vacuum, and placed in isothermal film layer was held constant to within 2% at:
aging (80*C, 140*C, 160C) for over 8000 hours. The
frequency behavior versus time was found to be complex Ti : 1,50OR
in that the frequency first rose and then fell as time Pd 50O
progressed. A non-linear, least squares fitting com- Au : 3,50O0
puter program was used to analyze the aging data.
Several mathematical aging models were used in the pro- After deposition was complete on one side, vacuum was
gram to fit the experimental data. The best fit in- broken, the fixtures were turned over, and the same
volved two separate mechanisms: the first was a fast procedure was carried out on the second side of the
(%2-10 hour time constant) saturating process, probably quartz blank. Completed units were unloaded, and leads
desorptioy- the second was a slower process proceeding were thermocompression bonded to the electrode tabs.
as (time) "2. The latter result suggests that the Finally, each unit was vacuum sealed at about 10

-5 
torr

physical frequency aging mechanism was associated with in a metal can having feed-through leads.
diffusion of extraneous material into the Ti Pd Au
electrodes. The activation energy for this process was Test Set
found to be 0.8 + 0.2 eV. This energy is consistent
with other measurements of the achivation energy for A previously described

I 
computer controlled test

diffusion in Ti Pd Au thin films. With the identifi- set was used to make the frequency measurements. The
cation of the aging mechanisms as contamination reproducibility of measurements was approximately
oriented, we now understand why changes in the process + 0.5 Hz. All measurements were made at 24 + 2*C, and
have improved performance: electrode evaporation pro- the initial measurement before starting the experiment
ceeds under higher vacuum conditions, and extra was considered as zero time and zero frequency.
cleaning is applied to all units before sealing. The
purpose of the higher vacuum is to reduce the density Aging Ovens
of film defects, thus producing electrodes which are
more impervious to residual contamination. The extra Commercial ovens (Fisher and A.T.L.) were used to
cleaning reduces the post seal contamination levels elevate the temperature of the units. Temperature con-
which reduces the aging frequency shifts. trol was typically + 2C* for all temperatures (80, 140

and 160"C).

In general, aging data, when analyzed using mathe-
matical models having physical interpretations, offers Computer Program
the device and process designer specific information as 3
to which fabrication processes can be changed in order An algorithm developed by Marquart was used to
to alter device performance. curve fit the isothermal aging data. The program con-

tains non-linear least squares curve fitting routines
Introduction making it ideal for the complex curves exhibited in

these experiments. The user forms n function with up
Early isothermal aging (80, 140 and 160'C) results to 30 unknown coefficients. The various partial deriv-

showed that 8 MHz crystal units with Ti Pd Au elec- atives of the function are also included in the main
trodes had complex frequency shifts (Figure 1). Be- program. Starting with an initial "guess" set of
cause the average frequency first rose, but then fell values for the coefficients, the algorithm solves ma-
to negative values, it was clear that the standard trix equations, and calculates the sum of the squares
technique of plotting linear frequency shift versus the of the residuals. The program then tries to minimize
logrithm of time in order to determine end-of-life per- this sum to within a user defined, arbitrarily small
formance by extrapolation would give incorrect esti- number, c (5xlO

-
' in these experiments). The algorithm

mates. This paper reports the computer analysis of the performs another iteration until the error range c is
complex Ti Pd Au aging. The mathematical analysis used satisfied. The list of coefficients of the function
formulae which had physical interpretations. The for- giving the best fit is then printed out.
mula giving the best fit then gave us insight into the
physical mechanisms causing the complex behavior. Per- We tried several mathematical modis which could
formance improvements from prior assembly process be identified with known physical processes. These are
changes then became clearly understood, listed in Figure 2. Equation I gives the standard log

t plot; a straight line on linear-log paper. Equa-
Experimental Procedure tion 2 can be derived on th% basis of chemical argu-

ments of atoms on surfaces; as can be seen, two such
Crystal Units mechanisms with different time constants are proposed

here. One to satisfy the early positive Af shifts and

The AT-cut crystal plate blanks (5 om lapped the second to describe the later negative shifts.

finish, etched 100 kHz and cleaned) were loaded into Equation 3 assumes that the two mechanisms act like an
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ordinary charging and discharging capacitor with time by Speight et. al.8 and Lau13 .
constants of A2 and A4 respectively. Equation 4 uses
the capacitor model for the first mechanism and a power Operating Procedures
law for the second. Equation 5 is similar to Equa-
tion 4 but fixes the power law exponent at one-half. We observed in our laboratory an improvement of
In other experiments by other investigators, it has Ti Pd Au aging performance when
been shown that sucg a form often describes diffusion
of atoms in solids. 1. extra care was taken to clean units prior

to sealing, and
Results of Analysis 2. films were deposited under improved vacuum

Figure 3 shows isothermal data for three tempera- conditions in the evaporator.

tures. Each data point represents the average frequen-
cy shift of 9 units. The high temperatures accelerate The computer analysis of aging data followed by

the aging mechanisms greatly. The 160C data is espe- physical modelling of the responsible mechanisms has

cially good for comparison of the curve fitting models explained why these process changes have been effec-

because of the accentuated curvature. Figure 4 com- tive. As the model shows, if there is no contamination

pares the fit obtained for the various models for the sealed within the unit enclosure, nothing can diffuse

160C data. For this and the data at 80* and 140* the into the films to cause large negative frequency

model which gave the best fit was model 4 in Figure 2; shifts. Likewise, the pgved deposition conditions

the charging capacitor followed by a power law. give fewer film defects ' reducing the number of

Figure 5 shows graphically the best fit curve for the diffusion paths greatly. That is, under the improved

160C data. conditions, the top gold layer has the desired pro-
tection properties.

Capacitor Model Summary

The time constant for this process (A ) was a few
hours at 25*C with an ultimate frequency s~ift (A ) of We have described here another tool that the de-

about 0.5 ppm. More precise values for the capacitor vice designer can use (Fig. 8). Aging results when

model are lacking because only a few measurements were analyzed by the powerful and readily available Marquart

taken before saturation occurred and also, any room curve fitting routine can yield physical insight into

temperature shifts occurring after sealing and before device instabilities. This understanding can be fed

the start of these experiments (15 days) were not back to the responsible fabrication process step. The

monitored. Such values would be consistent with a re- effect of changes in a process step can then be moni-

distribution of residual contamination within the tored by another iteration of the aging study.

sealed enclosure. Since the resonator frequency Or, the analysis procedure can serve as a process
shifted positively, contamination (l monolayer) Or che atis havi n ieieds cceptable

tended to leave the electrode surfaces. control check. That is, having identified acceptable
aging mechanisms, the curve fitting routine could

Power Law Model identify new and unwanted mectfanisms in product should
they occur.

This second mechanism dominates the overall crys-
tal unit stability. Hence, understanding the control- Specifically, we have identified s diffusion
ling physical mechanism may suggest ways of controlling process in Ti Pd Au electrode films using this tech-

the unit stability, nique.
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Figure 1

Complex isothermal aging curves for Ti Pd Au units.

AGING MODELS
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Figure 2 The five aging model.
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FIT QUALITY FOR THE FIVE MODELS
(16o*C)

160*C DATA

MODEL SUM OF THE SQUARES
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1. Inl t 1892.5

2. DOUBLE in 30.0
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Figure 4. Fit quality for the five models (160% data).
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Figure 5 Best computer fit for the 160% data.
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PROPOSED TiPdAu DIFFUSION AGING MODEL
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Figure 7

Schematic drawing of the proposed Ti Pd Au diffusion

aging model.
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A NEW "ELECTRODELESS" RESONATOR DESIGN +

Raymond J. BESSON

Ecole Nationale Supdrieure de Chronom~trie et de Microm~canique

La Bouloie - Route de Gray

25030 BESANCON CEDEX, FRANCE

Summary Introduction

In a recent paper, new structures, all using In a recent paper , we pointed out that
uncoated crystals, have been out-lined (and called mastering the boundary phenomena could reduce the
B.V.A. n designs), aging and crystal's noise contribution as well.

New structures, all using uncoated crystals, were

The main purpose of this paper is to give a outlined and called B.V.A.n designs
complete description of the B.V.A.2 design. In this
design, the active part of the crystal is connected - if n is odd, a rather conventional bon-
to the dormant part by little quartz "bridges", which ding and a special fixation is used. (In the B.V.A.]
can be very precisely made and located. As the fixa- type, described last year, the main feature is that
tion is made out of quartz, there is no ordinary the crystal is "electrodeless" and frequency modula-
bonding and among the consequences no discontinuity ble).
is caused by the fixation. Also, it is possible to
avoid the stresses which could be caused by the - if n is even, the design uses improved

machining of the quartz "bridges". Since the electro- bonding and mounting.

des are located on insulators very close to the acti- This denomination indicates two successive
ve surface of the wafer, the frequency of the device
can be easily adjusted by means of a serie capacitan- steps of our attempt to reduce the crystal's noise

ce. Nevertheless, the construction of the device and frequency drift contribution.

allows a very accurate frequency adjustement. As
consequences of the construction acoustic losses are Since the B.V.A 3 design is an improvement

extremely low, a very high Q factor is obtained and

the short term and long term stabilities are improved, bed using the scheme of Fig.]. The vibrating quartz
crystal C of a given cut, orientation, geometrical

The first part of the paper deals with the shape (in Fig.] a planoconvex disk) is, for instance,

construction parameters (wafer evaluation, excitation TC bonded (3 or even 4 bonding points ref.T) to the

conditions and resonator mounting). Especially, the lower disk D, (which has been given a curvature iden-

shape, dimensions and location of the quartz "bridges" tical to the curvature of the wafer's lower suiface).
are studied. The influence of the gap is discussed. DI is usually made out ot quartz of the same cut and

orientation. The electrodes are evaporated on the

In the second part of the paper, resonators lower disk D, and the upper disk D2 1 or D22 . The upper

constructed according to the design are studied by didk is not necessarily made out of quartz and may

various techniques. Acceleration effects are discussed, have any radius of curvature. The intermediate ring
numerical data concerning AT R determines the upper gap giving access to frequencyFor comparison purposes, nueia aacnenn T adjustement or modulation. Compared to B.V.A l type

5 Mz fifth overtone units are given (electrical para- this den ha main t smpreti but the

meters, frequency spectrum, stabilities, amplitude this design has mainly the same properties but the

frequency effect,...). Nevertheless, some results con- characteristic features are greatly improved in

cerning other frequencies and S.C. cuts are also given. severe environmental conditions.

The problem of industrial fabrication is quickly discus-
sed. B.V.A.2 RESONATORS

As a conclusion, the various results are
reviewed and discussed (from the fundamental and Special emphasis is given to this design
reviwdcad doiscss e (arom tel fuwhich overcomes some difficult problems caused by
technical points of view as well), the conventional evaluation of piezoelectric reso-

Key Words : Piezoelectric Resonator, Quartz nators. We mainly describe here quartz material
Bondin Effectsz units but, of course, other piezoelectric

Unplated Crystals, Electrode Effects, B g materials can be used and resonators of various
Frequency Stablility, Aging, Frequency Adjusting, frequencies have been evaluated.
Crystal's Noise Reduction.

+This work is supported by the "Direction

des Recherches et Noyens d'Essais", D.R.M.E.
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I - Introduction and general description process can be considered as sure, rapid (2 or 3 mi-
nutes) and very accurate. As a consequence the middle
part of the bridges can be located at the very nodes

Our goal was to obtain an "electrodeless" of vibration. Also, unwanted modes can be better eli-
resonator (so as to overcome the difficulties due to minated. Since the thickness in the middle part ot the
electrode deposition) with a fixation exhiuiting nei- bridges has ranged from 50p to 1200P (the usual is
ther discontinuity nor local stress in the fixation approximately 

2
00) the bridges are not especially

areas. We wanted to obtain a device the frequency of brittle. Any number of bridges can be left. Especially
which could easily be adjusted by means of a series one single bridge, covering 360

° 
angulary, may be di-

capacitance. Then a large gap capacitance is suitable rectly lapped so avoiding the ultrasonic machining
i.e. electrodes have to be located very close to the (Fig.3 a).
active surface of the wafer (in the micron range or
even the lO microns range). Also, and this is very It must be pointed out that the machining
important too, we planned to obtain fixation areas does not destroy the material from the cristallogra-
very accurately located and fixation means precisely phic point of view as can be seen from Fig.8 (vi-
known. brating 5 MHz fifth overtone, SID or Lang topography).

The B.V.A.2 resonator is represented by the Moreover, no additional stresses are left
schemes of Fig.2 - Fig. a Fig.5 I inclades7 by the machining if the quartz wafer is subjected,
and the pictures of Fig. 4 and Fig.5. It includes prior to mounting, to annealing at about 480°C,

followed by a very slight surface attack with bifluo-
- a vibrating quartz crystal, ref.C, the ride.

surface of which has been very carefully prepared.
The active part of the crystal is connected to the The lenght and thickness of the bridges

dormant part by little quartz "bridges" very precise- have been theoretically 4 studied. Assuming a flexure
ly made and located. vibration of the bridge, it is found that a length

- a quartz condenser made of two disks (ref. of 2 mm and a thickness of 0.2 mm is a good compro-

DI and D2) of the same cut and orientation on which mise between a weak static strain and a minimum
the electrodes are deposited, acoustical energy transmission between the vibrating

and dormant part of the crystal (5 MHz fifth overto-
- means to maintain the condenser and crys- ne).

tal tighted together (it can be those recently des-
cribed 1). 3 - Reflection of the elastic waves and influence of

- a metallic experimental enclosure which is
sealed by a pinch off process (a special coldwelded the gap
type enclosure has been made but not tested yet).

The reflection of the elastic waves is not

It must be pointed out that some construction influenced by the position of the electrodes with

parameters, especially the support configuration para- regard o the rst s f t mlytdes on
meters, can be, using this design, very preciselydepends on
known. Also since the crystal is "electrodeless"and phenomena which occur in the boundary neighbourhood
usesan alluatz sin tcurta is eer sutble for and which are due to crystalline modifications cau-
uses an all quartz structure it is very suitable for sed by machining processes and surface preparation.
low temperature applications2 . Moreover, the elec-
trodes may be deposited on insulators which have been The sample surface is carefully lapped and
given a curvature different from the crystal surface's.
This feature gives access to additional possibilities polished, so as to reduce the layer in which acous-

and may be used to modify Q factor, motionnalparameters tic dissipation occurs. Defects due to machining

series resistance and frequency amplitude effect, processes are carefully investigated (X ray topogra-
phy, electron microscopy and so on) so as to define

Such a resonator, beeing entirely different the best procedures . As far as possible, we operate
from a conventional resonator, needs theoretical and in a clean room atmosphere, try to process the crys-
technical studies specially devoted to it. tal in dry nitrogen and, of course, use the results

of recegt investigations for cleaning and decontami-

nation
2 - Evaluation of the vibrating crystal

The influence of the gap has been studied.

The original part of this evaluation will Experimentally the Q factor is not a constant versus
the total gap . The variation depends on the frequen-only be described her!. B1 use of ultrasonic machi- c n vroenme fteui.O ore h

ning and precise lapping l little bridges are left cy and overtone number of the unit. Of course, the
between the external dormant part of the crystal and variation is not important (smaller than 10 p.cent
the internal vibrating part. Those bridges have a for gap variations from 0 to I mm).
given shape, a given thickness, a given lenght. Nevertheless an investigation was started and p§oved
The schemes of Fig.6 outlines various possible shapes that usual equivalent circuit is not sufficient .

The bridges can be very precisely located with res- So. starting from the exact expression of the current,

pect to the thickness of the crystal (accuracy of we computed the Q factor versus the gap (assuming a
the location : + 10p). Their angular position can plane infinite plate) and found a variation which

the ocaion 102). hei anglarposiioncanives a better account of the results.
also be very precisely known (+ 0.040). Of course, g
the technique has to be perfectly mastered (for Actually, a compromise must be choosen.
instance, avoiding a conical ultrasonic machining is The series resistance and the motionnal inductance
not immediate) but, with sufficient experience, the strongly increase with the gap. Also, the frequency

of the unit must be easily adjusted by a series
F. Patent 76 01 035 - 76 16 289. capacitance ; so very thin gaps are suitable.
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but the mechanical stability of the gap thickness is Nevertheless, this result must not be
to be considered too, if ultrastable units are desi- regarded as definitive as long as we don't use a
red. For a 5 MOz fifth overtone we use gaps in the coldwelded type enclosure. (in our experimental sol-
micron or 10 microns range. Nevertheless for resona- dered enclosure the crystal is contaminated and it
tors on the fundamental mode the gap can be larger, cannot be baked and pumped down at temperatures

higher than the solder melting point).

Usually, the gaps are made by a special
lapping process which affects the central area of
DI and D2 (see Fig.2). They can also be made by nickel 3 - Static acceleration effects
electrodeposition as suggested by Fig.7. It must be
pointed out that slightly different gaps can be made B.V.A.2 resonators of various types (dif-
so giving access to very precise frequency adjuste- ferent support configuration, pano-convex or

ment (I Hz for a 5 M z fifth overtone unit). bi-convex units) have been studied and tested in the

"Office National d'Etudes et de Recherches Agrospa-
tiales" (ONERA) by M. Valdois and D. Janiaud.

Main Characteristics of B.V.A.2 Resonators
The experiments performed are principaly

related to the influence on the resanator frequency
of the direction of an acceleration of constantAs pointed out last year, B.V.A.2 resonators modulus. Resonators have been tested either in passi-

are given more interest in the high frequency range

since the electrode and bonding phenomena are relati- ve networks or in an oscillator loop. Acceleration

vely larger for high frequency crystals, vectors in three orthogonal planes associated to

Nevertheless, for comparison purposes, numerical data the resonator are applied. Experimental results are
concerning AT 5 Mte z fifth overtone units are given. similar to those obtained with customary 2 or 3 sup-

port units. All frequency deviations are sinusoldal

functions of azimuth angle (the zeros of these func-
tions define null influence directions). Those 3I - Electrical parameters :directions of null influence determined by studying

the 3 associated planes, belong to a same plane which
Resonators evaluated with good natural is called "accelerometric null influence plane"

7
.

quartz correspond to Q factor and series resistance Thus, it is proved that a plane exists in which any
given by : acceleration has no measurable influence on the

Q= 3 10 6 RI = 600 resonator frequency (the frequency variation Af

is measured with a 10 accuracy). As a consequence
We are presently conducting an investigation the direction perpendicular to this plane is the

covering the following types of material : maximum influence direction.

- Natural Quartz (various origins) Mainly, the following B.V.A.2 AT resonators

- Electronic Grade Quartz (various origins) have been tested :

- Optical Grade Sawyer Quartz - plano-convex resonator with a single 3600 bridge.

Premium Q Sawyer Quartz Maximal values of the sensitivity from 4.10-
9
/g to

8.10-
9
/g have been recorded. It must be pointed out

- Premium Q Sawyer Swept Qua.-. that the symetry of the bridg, with respect to the
center of the resonator was not guaranteed by the

2 - Stabilities machining.

- plano-convex four bridge resonator (bridges
The results concerning the shoi term sta- along Z Z' and X X'). Maximal sensitivities of

bilities have already been given I ; some improvements 1.5.10-9/g to 2.10-
9
/g have been recorded. (This is

have been obtained but they are not significant, slightly less than values recorded for a traditional
two or three support unit).

Long term drift experiments have been car- - bi-convex (RI = R2 - I5O mm) four bridge
ried out in our Laboratory (M. Decailliot and 90esona-

J. Chauvin). The reference is a Cesium beam standard. tor. The maximal sensitivity is lower than 10 /g.

A Butler oscillator is used ; the level of oscillation, In any case, no residual frequency deviation
which is about liw, is regulated (approximately to is observed when the acceleration is suppressed. Re-
0-

4
) and the temperoture is stable to better than cent theoretical studies have shown the influence of

0-3*C over large periods of time. The signals are cen t onficalti es o s ht thetinflen ce-

I0 times frequency divided ; then phase compared. support configuration or slight disymetres on accel-

The intervals of time between two phase coincidences erometric sensitivity. Application of these results to

are automatically recorded. Using B.V.A -2 crystals, B.V.A.2 resonators appear as rather complex because of
not pre-aged at all, the following drif ts per day the great variety and special features of the support
have been obtained : configurations. Experimental results confirm the great

immediately : 2 to 2.5.10
- 0  influence of the fixation and the interest of bi-convex

- econtours.

- after a month continuous operation :
3.10-11 4 - Other cuts and other frequencies

- after two months continuous operation: B V A resonators have been made using

7.10
- 12 

to 1.10
-
11 other cuts especially S C cuts. (5 MHz fifth and third

The experiments are going on but the regular decrease of overtones 10 MHz third overtone). Interesting results

tiedrift is to he pointed out. have been obtained (especially much lower amplitude
frequency effect).
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The acceleration sensitivity is found to depend lar- 7 - M. Valdois - D. Janjaud to appear in Applied
gely on some parameters and especially on the fixation Physics letters.
configuration and evaluation (we preferentially use a 8 - D. Janiaud C R Acad. Sc. Paris.
four bridges support configuration). 9 - P C Y Lee and Kuang-Ming-Wu Proc. 30 th A.F.C.S.

Resonators 100 MHz fifth overtone have also p.p. I - 7 1976.
been constructed and encouraging results have been
obtained (high Q factors and easy frequency adjuste-
ment).

5 - Evolution and cost of the fabrication processes

Over one hundred crystals have been evalu- 2
ated, generally unit by unit. When greater quantities
are made some operations can be simplified (especial-
ly frequency adjustement). To our experience, it ap-
pears that the fabrication cost of a B.V.A.2 unit can
be reduced to 1.2 or 1.5 time the cost of a traditional
unit of the same frequency.

C- i._- R
Conclusions

By use of a fixation made out of quart7 theto5op
discontinuities and the stresses, usually caused by the
traditional bonding processes, are avoided. The fixation
location and characteristics are very precisely known. 8VA3 Resonator
Since the electrodes are located very close to the
active surface of the vibrating crystal, the frequen-
cy of the device can be easily adjusted. Nevertheless
the gaps evaluation allows a very accurate frequency
adjustement.

As consequences, very low acoustic losses 
Figure 1. NVA3 Resonator

and improved stabilities are obtained. It also
appears that some properties related to acceleration
effects are interesting (especially there is no per-
manent residual frequency deviation).

B.V.A.2 resonators are interesting for
fundamental sudies, since their structure is very dif-
ferent from the usual. (precision of fixation means,
properties related to heat transfer and crystal's
noise contribution, additional construction parame-
ters....).

Those provisional results can provide di-
rection for future research in the field of uncoated
resonators and indicate promissive developpments.
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Introduction For right-handed quartz, compression along the
X-axis develops a positive electric charge on the +X

Although the AT cut quartz plate has a zero face, a negative charge on the -X face. For left-
temperature coefficient of frequency at a certain handed quartz, compression along the X-axis develops
temperature, it is sensitive to sudden small tempera- a negative charge on the +X face, and a positive charge
ture changes. It is also sensitive to forces of on the -X face.? These charges can be detected by
acceleration. means of a sensitive voltmeter, or other suitable

The AT plate is a 'singly rotated' orientation, detectors.
In IEEE nomenclature,' it is specified as a (yxz)6 cut. Another method which determines the positive X face
This means that the plate is related to an unrotated is visual inspection of etch pit patterns. 7"  After
reference plate that has its thickness in the Y direc- heavily etching the X faces in a suitable etchant such
tion of the crystal, and its length in the X direction as ammonium biflouride in a sugar solution, a pin-hole
(see Fig. 1). The rotated cut is considered as being oriascope may be used to determine in one test wtether
the reference crystal rotated counterclockwise by the quartz is right-or left-handed, and which X face
amount a about its length, as shown in Fig. 2. For is the positive one.
an AT plate 8 has the value 35.25', i.e., it is We may also initially buy cultured quartz which
(yxt)35.25* cut. There are several other zero tempera- has been marked by the vendor. Whatever method is
ture coefficient cuts with different modes of vibra- used, we now stain the +X face of the bar red. Since
tion, all developed before 1941; such as the BT,= the X axis is an axis of two-fold symmetry, the bar
-49, CT,8 = 380, DT,e = -52', ET,8 = 66', and the may be turned 180' about X if necessary, thus reversing
FTe = -570. There are other orientations for which Y and Z without affecting the behavior of the finished
it is easier to start with a different reference plates.
orientation. One such is the (xyt)-180, many of which
were made. Slicing

The planning of these orientations depended on
measurements of the elastic constants and expansion A plate (yxto)0/8 has its thickness direction
coefficients, assuming these to be linear. However, along a unit vector
such relations are never strictly linear. Quartz has
six elastic constants relating stress to strain. (- cos 8 sin 0
Measurements of higher order terms have been made and -c

orientations planned that greatly improve performance t Cos 0 Cos
of such oscillator plates. - 5 These orientations sin 0
require a second rotation from the reference position, as can be seen from Figs. 1, 2, and 3.

as shown in Fig. 3.

Doubly Rotated Plates We define a set of 'saw coordinates', Sl along the
direction of the sliding saw table motion, S2 parallel

Tto the saw blade zxis and S3 to form an orthogonalThe making of doubly oriented cuts can be confus - right-handed unitary system, see Fig. 4. We place the
ing, because one must keep track of several things, any crystal bar on the saw table, a Z face up, +X (red
of which if done wrong will result in a greatly face) toward us as shown in Fig. 5.
inferior product. If 0 and e are both positive, we now roll the bar

about S2, the top going away from us. The angle of
Preparation roll is a. This roll changes the component of t on S

We will assume that we wish to make (yxwk)o/O to:

plates and that we will slice them off the end of a cos 6 0 -sin B -cos 8 sin 0
bar, not straight across, but at a complex angle which I..-we must determine. We will make the bar of convenien! t = 0 1 08 •* Cos 6 Cosl
length (along the Y axis) and convenient cross-section. sin 8 0 cos B sin 0

Two opposite long faces of the bar are perpendicular
to the optic axis, that is these faces are (00.1) -cos 6 cos 6 sin -sin a sin
planes. The other two long faces are perpendicular
to the X axis, that is they are (11.0) planes. We = cos 0 cos 0
must determine which of these is to be taken as )sin cos 6 sin +cos 6 sin
the positive X face. The X and Z faces may need to
be X-ray corrected. if tan 8 z tan 6/sin ¢ (1)

Quartz comes in two kinds, right-handed and left-
handed. A simple optical test distinguishes these. the S3 component vanishes. A rotation of amount y
Looking along the optic axis with the sample between clockwise about S3 is given by:
polarizing filters, one sees concentric rings about
the optic axis. If these rings expand when the analyzer
is turned clockwise, the quartz is right-handed; if
they contract, the quartz is left-handed.6

iS3



cos y sin I 0 cos B cos 0 sin q-sin $ sine require that we use a double-crystal gonlometer'1  as
-, n shown in Fig. 10. Working to a desired turnovert = sin y cos y • Cos 6 Cos (P= temperature for the TTC requires particular care in0o 0 the crystal orientation. A 10C tolerance on turnover

-o -temperature requires that the orientation be held to

-cosy cosB cosO sine - cosy sinB sine within 10" of arc. The standard rocking curve for a
+ siny cose cos single-crystal goniometer setup is usually several

siny cosB cos9 sine + siny sinB sinO + cosy cos6 cos minutes wide. The use of a reference crystal can
0 reduce the width of the rocking curve sufficiently

0 / to allow a precision of about 6" of arc. Fig. 10
-. shows a situation where the Bragg angles of the two

Since t is unitary, if tI = 0, then t2 = I. This planes are different. This may be due to either using
occurs for different planes, or using different orders of the

tany = cosB tan + sine tane/cos@ . (2) same plane. In either case, a problem develops. The
double-crystal system has sufficient resolution to

From Eqs. (1) and (2) we derive fully separate the Kx doublet. The characteristic Ka
lines for copper are shown in Fig. 11. As a result,

tany = tan 0/cos$, (3) the detector shows two separate and usually well-
or resolved, radiation peaks. Fortunately, the proper

cosy = coso cose . (4) peak, the Kil, is the stronger of the two and always
occurs at a smaller goniometer angle.

To mount this on the saw, we use matched wedges The double peak can be eliminated if the plane
of angle 6 = 900 - B and use a protractor to position used for the test crystal and the reference crystal
the bar at angle y as shown in Fig. 6. Now dental are identical. Then the two planes are exactly
plaster is pushed under and around the center of the parallel at the proper orientation, and the double
bar. This hardens within 15 minutes. The wedges peak becomes a single narrow radiation peak.
are then removed and more dental plaster is pushed Another complication is that the simple picture
under the ends. When this hardens, we may slice shown in Fig. 9 is valid for only one particular rota-
off the wafers. tion of the test crystal. As the test crystal is

This procedure can be greatly simplified if we rotated about its normal, the plot of goniometer
can obtain cultered quartz where the first rotation reading vs. rotation angle is similar to that shown
about the width is already "grown" into the bar. 9  in Fig. 12. Ideally, we would like to orient the
Then if the bar axes are suitably identified, slicing crystal in rotation such that we are always operating
crystal plates is the same as cutting any of the at the very bottom of this curve. At this point, any
singly-rotated cuts such as the AT or the BT. Fig. 7 possible rotation error produces the minimum error
shows such a bar and several slices cut from it. in the goniometer reading.

TTC Orientation
X-Ray Orientation

To make crystals at the TTC orientation, (yxwl)
In general, there are no short-cuts in X-ray 21.93*/34.11 °. we might return to an orthographic

orientation of quartz crystals except that provided projection similar to that shown in Fig. 8. A simpler
by natural symmetry. A doubly rotated crystal cut version is given in Fig. 13. In general, we would like
only further complicates the process. to use two planes that have essentially the same Bragg

Fig. 8 shows an orthographic projection of the angle, and that are also about 90° apart in rotation,
primitive region of quartz. The location of the as seen at the test crystal. The first condition
allowable diffraction planes using copper Ka radiation allows us to use two crystal planes with the same
are shown. For this, and for all subsequent X-ray Bragg angle as a reference crystal. This produces a
work, we assume that the wavelength is that of copper single radiation peak on the detector readout, simplify-
K l at 180C., namely 1.54056X. On this figure, all ing the measurement. The second condition yields
of the singly rotated common cuts and several of the either a very rapid convergence, if the test crystal
doubly rotated cuts such as the IT, the RT, the FC, is being prepared in a special fixture for lapping to
the LC, and the focus of this paper, the TTC, are the desired surface, or the fastest determination of
shown. The IT was originally developed to take the present orientation of the test crystal surface
advantage of several of the properties of doubly using the methods outlined in the Appendix. The two
rotated cuts and was located on the sequence of planes planes that most closely meet these conditions are the
at about * = 190. X-ray orientation on a sequence (12.3) and the (21.3) as shown. The two planes are
of planes such as these allows relatively accurate usually sufficient to determine the surface accurately
determination of at least one direction, if we keep careful track of the rotation of the test

The LC, the FC, and the TTC have no such advantage, crystal. As a check, either of the two other planes
Accurate determination of any of these orientations shown, the (12.1) or the (12.2) are also useful. From
requires the use of at least two, and preferably three, our experience, the (12.1) is perhaps better assuming
non-coplanar atomic planes. that we also keep in mind that this plane will always

Fig. 9 is a diagrammatic representation of a typical produce a double-peaked response with a (12.3) refer-
X-ray diffraction. OB is the atomic plane Bragg ence crystal.
angle given by: The various angles, detector settings, etc. are

shown in Table I. The data for the (00.6) plane
N! = 2d sin 9B (5) is given to provide a reference point for the crystal

blank rotation angles.
where d is the atomic spacing and A is the radiation
wavelength. 6 is the dngle between the surface normal Sumary
and the normal to the atomic plane, and A and B are
as shown. A and B are easily calculated10 , knowing Assuming a well-aligned reference crystal, the
the desired surface and the Miller indices of the plane. (1?.3) and (21.3) planes can be used to orient the

Doubly rotated cuts such as the TTC generally test crystal surface to within approximately 6" of arc.
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A further check can be made using a (12-1) plane. From (A3), we have;
Using the measured angles, the methods of the
Appendix may be used to determine the actual surface cos 6 = nlt I + n2t2 + n3t3  (A7)
orientation. 

where the subscripts refer to the ith component of
the unit vector.

Memorial
Three Plane Solution

While this paper was in preparation, Walter Lysander
Bond died as a result of complications following heart By measuring the goniometer angle for each
surgery. After a career spanning forty years (1928- of three known atomic planes, we have a set of
1968) at Bell Telephone Laboratories, Walter retired three simiT5iiieous equations in the three unknowns,
to become a research physicist at the W.W. Hansen tl, t2 and t3.
Laboratories of Physics, Stanford University. It was
my privilege to know Walter during this period when /
he regularly ran every grad student ragged trying to nl1 nl2 n13 tI  cos 6
keep up with the wealth of ideas, experience, and 1 1 I
engineering technology that he provided. When I in21 n22 n23, t2)= c o s 62 (A8)
first approached Walter with the idea of writing this
paper, it was not envisioned to be a joint venture; n21 n32 n 3/ \t 31 cos 63
his health dictated otherwise.21 3

This paper, the last of his many efforts in
crystal technology,was completed after his death. where the n , s are solely a function of h, k, and L.
Any faults in it are due to my attempts to interpret Any of severAl mathematical techniques may be used to
the ideas we developed in the original working ses- solve this set. The solution yields the three
sions several days before his heart surgery. components in (Al).

John A. Kusters e = sin-' t3

A pendx= cos-  I or sin
"  e

l

The unit vector in the thickness direction of the and as a check on the 'goodness' of the solution,
test crystal was given previously as: 2 + t2

2 
+ t 

2  
2

(-sino cosO I

= (cOSo cOSe ) (Al) where for a perfect fit, r = 1.

sine / Two Plane Solution

Similarly," we can describe a unit vector that is An iterative solution can be derived which requires
normal to the desired atomic plane (hk.2) as: the determination of only 2 planes. In this case:

h - sine cose nil + cost cose ni2 + sine hi3 = cos 6i
( A2k where i = 1,2.

n= (A2) By proper choice of e , the starting point, we
\ , /can iterate solutions on (0,ei) such that the solution

c/a becomes stationary.

where S= [2 +1 (h + 2k) 2 +-r i.e. take n t Icos 1-
L 3 Cc~a ie tk (n11  1,21 1i ii 61 sinein 13 (A9)

is the normalizing function, a and c are the atomic n ni2 t 2 cos 6 - sinei n23
lattice parameters, and h, k, and k are the Miller- 21 22
Bravais indices.

The angle between the desired surface and the where tl2 + t22 = 
Cos2oi+ l

atomic plane used to measure the surface is the same
as the angle between the two normal vectors, or,

cos 6 = t - n (A3) t- tan 0

In practice, we do not measure 6 directly, but
either angles A or B. The angle A is somewhat easier then continue solution until e = e+_ to within an

to measure accurately. Therefore, restricting our- arbitrary error tolerance. Beause o the ambiguity

selves to A of using 2 planes, 2 solutions are possible. One
must set up the problem with this possibility in mind.

A = eB -6 (A4)

where eB sin-' ( R) (AS)

where d Is the interatomic lattice spacing and is
given by:

d -A (A6)
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THE ELECTROELASTIC TENSOR AND OTHER SECOND-ORDER PHENOMENA
IN QUASILINEAR INTERPRETATION OF THE POLARIZING EFFECT

WITH THICKNESS VIBRATIONS OF a-QUARTZ PLATES

Carl K. Hruska
Department of Mathematics, York University

Toronto, Ontario M3J 1P3

susmary

The change in series resonance frequency of electric materials and for various modes of vibrations.
piezoelectric resonators caused by a dc electric field As regards n-quartz, more thorough investigations have
superposed on the driving field is studied on the three been reported for the longitudinal mode of thin rods
thickness modes of thin or-quartz plates. For and for the three thickness modes of thin plates.
resonators operating in the fundamental frequency range
between 2.7 and 5.5 MHz nd at the dc electric field Experimental Results : In the case of longitudi-
intensities between ± 10 Vm , the change in nal vibrations of thin rectangular rods rotated about
frequency is proportional to the intensity of the their thickness parallel to the crystallographic axis
applied dc field and depends on the crystallographic X, the change in series resonance frequency was found
orientation of the plates and on the mode of to be a linear function of the applied dc electric
vibration. At the dc field of 106 Vm

"I
, the maximum field with the field intensity as high as 4 x 10b Vm" .

change in frequency is found to be 16 parts per Further, the change in frequency was found to be
million, proportional to the magnitude of the fundamental

frequency and to the order of the harmonic, and
Two sets of experimental data are presented: 32 dependent on the crystallographic orientation of the

values for the cuts of orientation (xzl)* and 29 cuts. A slight dependence of the frequency shift on
values for the cuts of orientation (xzw)§. temperature was also detected.

1 ,  
Similar results

were obtained later for the rods rotated about their

Quasilinear interpretation relates the observed widths parallel to the crystallographic axis Y and for
frequency changes to the converse piezoelectric effect doubly rotated rods with their thicknesses normal to
and to the tensors of electroelasticity, second-order the AT and BT planes.

3

piezoelectricity, and second-order permittivity.
Several components of these three tensors are Qualitatively similar observations of the polar-
calculated. izing effect were also reported for the two fundamental

thickness shear modis of a variety of doubly rotated
An analysis of the results indicates that the planoconvex plates by Kusters

4
,, and for the three

change in frequency is caused mainly by the change in fundamental thickness modes of thin plates rotated
the values of the elastic constants. The contributions about one side of their square faces in the direction
of the second-order piezoelectricity and the second- of the crystallographic axis Z. Kusters

4 
also

order permittivity are of lesser importance. The recorded a strong temperature dependence of the effect
available data on the frequency change can also be and a quasi-exponential decay of the frequency change
interpreted by considering only the electroelastic and while the dc field was still applied.
the converse piezoelectric effects. Several components
of the electroelastic tensor are calculated under these In general, for both the rods and the plates, the
simplified conditions. Good agreement ts obtained with typical magnitude of the change in frequency was found
the earlier results by Kusters. to be in the range of several parts per million at the

dc electric field intensity of 106 Vml.
In general, the ability of the calculated second-

order tensor components to reproduce the experimental Interpretation of the Observations : A first
data is good, the differences being several percent on attempt at an interpretation of the polarizing effect
the average, was made for the longitudinal mode of thin rods. A

simple formula, giving the frequency of vibrations as

Considering the quasilinear character of the a function of the length, the density, and the elastic

approach adopted in this work, an allowance must be compliance in the length direction of the rod, was
made for the cumulative nature of the second-order used. The changes in frequency were too large to be
constants calculated, interpreted as a consequence of the change in length

and density of the rods due to the converse piezo-

The analyzed phenomenon may well become a conve- electric effect. The introduction of a fifth rank
nient and sensitive tool for the study of a variety of electroelastic tensor related to the elastic comp-
higher-order effects in a-quartz and other materials. liances resulted in the determination of several of its

components, in the reproduction of the experimental
Key Words : Piezoelectric resonator, frequency data with an excellent fit, and in remarkably accurate

shift, electric field effect, quartz, second-order predictions for the magnitude of the polarizing effect
effects, electroelastic tensor, second-order piezo- for resonators which had not been hitherto used. These
electricity, second-order permittivity. results were presented in a series of papers, of which

Ref. 3 is the most comprehensive.

Introduction
Several early papers dealing with the polarizing

Backaround effect with the thickness vibrations of plates and
essentially introducing the electroelastic tensor

The change in frequency of piezoelectric reso- related to the elastic stiffnesses are represented by
hators caused by a dc electric field applied to their Ref. 6. A more thorough study of the causes of the
exciting electrodes is known as the polarizing effect, polarizing effect with thickness vibrations of a-
This phenomenon was studied experimentally in the past quartz plates can be found in Ref. 4. High internal
on a number of occasions with several types of pieso- stresses generated in the material of the plates by
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the dc electric field are also considered in the paper effects but electroelasticity, and
along with the possible effect on the frequency of the 4) estimating the errors in the calculated electro-
third-order elastic constants. However, the corres-
ponding frequency shifts are estimated to be smaller by elastic tensor components that occur when all effectsan order of magnitude than those observed experiment- contributing to the frequency changes, with the
anly. orde ght of nu ndnth cobserve rents oexception of the converse piezoelectric effect, are
ally. All eight independent components of the cmie ntecmoet fti esr

electroelastic tensor related to the elastic stiff- combined in the components of this tensor.

nesses are calculated from a frequency expression The work begins with a description of the method
which includes only the effective elastic constants
for the acoustic mode of interest. The possibility of ere n o the at ofete ang ffe
the participation of other second-order effects is expression for the magnitude of the polarizing effect

the artciptio of the seondorde efect is which will be used. The experimental data are then
clearly recognized, as is the fact that in the given did int tw sets oe frme d t rets

presentation these second-order effects would remain divided into two sets : one formed by the results

hidden in the calculated electroelastic tensor pertaining to plates of orientation (xzl)#, and theother by those pertaining to plates of orientation
components. (xzw)§.

A qualitatively improved interpretation of the Using the first set of data and the adopted
polarizing effect dealing with the thickness vibra- formula for the interpretation of the polarizing effect,
tions of plates was presented in Ref. 5. It several components of the tensors of electroelasticity,
represented an improvement in the sense that it took second-order piezoelectrictiy, and second-order
into account the piezoelectric stiffening of the permittivity are computed, and a conparison of their
elastic constants, the coupling among the modes at the relative importance in the context of the polarizing
faces of the plates, and the changes in the amplitudes effect is made. The calculations are then repeated
of the vibrations associated with the changes in the without the latter two effects, and a new set of
material constants in the dc electric field. The corresponding values for the electroelastic tensor
number of second-order effects considered was increased components is found. The last calculations are also
from one to three. On the other hand, the approach to made independently for the second set of experimental
the problem remained quasilinear in character. The data, and the values for the electroelastic tensor
polarizing effect was interpreted by means of linear components obtained are compared with the values based
changes in only those material constants that are on the first set. Also, using the second data set, a
present in the linear theory of vibrations. It was prediction is made about the firsL data set.
noted that this approach neglected other effects that
could naturally appear in a nonlinear treatment. This All the computed second-order constants are used
interpretation was applied to data on the polarizing to demonstrate their ability to reproduce the original
effect pertaining to all three thickness modes.

5  
experimental data.

Several electroelastic tensor components were deter-
mined. The attempt made to calculate the components The work is concluded with a brief discussion
of the tensors of second-order piezoelectricity and centering on the comparison of earlier measurements of
second-order permittivity resulted in failure, the electroelastic tensor with the present results,
However, the electroelastic tensor components combined and on the possible errors in their values.
with the converse piezoelectric effect only reproduced
the experimental data quite well. Measurements and Their Results

Baumhauer and Tiersten published an interpretation Twenty-six resonators made of natural R-quartz
of the polarizing effect based on the nonlinear were investigated. They were in the shape of thin
equations of state.

7 
They concentrate on the thickness square plates of side 25.000 rmm and of thickness 0.600

vibrations of a plate situated between parallel elect- mm. They were divided into two sets : one consisting
rodes at a distance from the surfaces of the plate. of twelve plates of orientation (xzl)* with the cut
The nonlinear approach and the implied conceptual angles * between 50 and 300 , the other consisting of
reliability appear to be the advantages of this work. fourteen plates of orientation (xzw)§ with the cut
The resulting formulas however, cannot readily be angles in the domain between -100 and -400. The
applied to the existing experimental data. orientations are given according to the IRE definition.

8

The resonators were plated with square electrodes, the
Objectives and Method of the Present Work side of the square being 18 no. Bevelling was used to

avoid coupling with spurious modes. The plates were
Given the success of the simple work done on the mounted by means of four pieces of thread forming a

polarizing effect with the longitudinal mode of thin bipyramidal suspension.
rods on the one hand

3
, and the not-so-satisfactory

results obtained for the thickness vibrations of plates Each resonator was continuously vibrated in a
on the other

5
, it was felt that the potential of the laboratory-built Heegner oscillator and functioned as

quasilinear interpretatior of the polarizing effect an active part of the oscillator for the duration of
had not been fully exploited. In the present paper the the whole experiment. Prior to starting the experiment
quasilinear interpretation

5 
is applied to a larger the oscillator was tuned to maximize the current

body of experimental data with the aim of through the resonator. With the oscillator tuned, the
1) establishing that the polarizing effect can be used excitation level of the resonator was minimized to just

to study several second-order effects in a-quartz

with an accuracy which makes the numerical results was understood to be the resonance frequency fr in the

meaningful, sense of the IRE definition,
9 

the frequency being some-
what affected by the presence of the rest of the

2) examining the size and the relative importance of oscillator circuitry.
the contributions of the second-order effects to
the polarizing effect, In order to expose a vibrating resonator to a dc

3) demonstrating that a numerically acceptable inter- electric field, a dc power supply was connected to the

pretation of the polarizing effect is possible even resonator electrodes. Two resistors separated the dc

with the formal exclusion of all second-order power supply from the oscillator to prevent short-
circuiting of the high frequency of oscillations across
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the dc power supply circuit parallel to the resonator. Quasilinear Interpretaion of the Polarizing Effect
On the other hand, two blocking capacitors protected
the Heegner oscillator from the dc potential across General Formula
the resonator electrodes.

The expression used in this paper for the magni-
The frequency of the resonator oscillations and tude of the polarizing effect with the three thickness

the frequency changes due to the applied dc electric modes of thin plates was derived earlier.
5 

According
field were measured by a Marconi counter/frequency to Eq. (40)

s 
one has

meter, model 1417A.

The magnitude of the dc electric field in the (I) (l/f).(Af/AE) =A d + 2A 6
resonators was taken as the ratio of the dc potential nrs nrs

applied to the exciting electrodes to the nominal
thickness of the resonators, the change in the thick- + 3A q 4 A t
ness due to the converse piezoelectric effect being ijmnijmn 

+  
rsn trsn

negligible.
where i,j,k,l,m,n,r,s = 1,2,3. The Einstein summation

The measurements were carried out in an air convention applies to these indices here and through-
atmosphere and at a temperature of 20

0
C. out the rest of the paper.

The change Af in the natural resonance frequency In Eq. (1), the quantities dnrs are the piezo-
f due to the applied dc electric field AE was measured electric strain constants. The quantities bijkln,
for the three fundamental thickness modes of the qresnatrs. Thechage n fequncyAf ad eenknon .imn and tnr are the components of the electro-
resonators. The change in frequency Af had been known elastic tensor, of second-order piezoelectricity, and
to be dependent on the dc electric field intensity, on of the tensor of second-order permittivity respectively.
the crystallographic orientation of the resonators, They are defined as follows
and, for each resonator, on the mode of vibration.4

,5

The linearity of the dependence of the frequency
change Af on the dc field AE was verified over the dc (2) -

electric field range between ±106 Vm
"
l. Because of :ijkln = n

this linear relationship, the magnitude of the polar-
izing effect could be conveniently expressed in terms e.
of (1/f).(Af/AE). For the twenty-six resonators (3) q.
investigated, these values were calculated as average ijmn 3En
of readings taken at ±106 Vm

"I
. Figures 1 and 2 give

the values of (l/f).(Af/AE) for the two resonator sets ac
plotted as functions of their respective cut angles (4) t = rs

and §. nrs

The resonators were an unknown mixture of left-
and right-hand quartz. Adjustments of the signs of These partial derivatives of the elastic stiff-
the experimental data were made by means of the nesses cijkl , of the piezoelectric stress constants
polarity of the charge which was measured when the emij, and of the dielectric permittivities Crs with
plates were subject to a compressive stress in thick- respect to the components of the superposed dc electric
ness. All the results in Figures I and 2 were then field En are understood to be taken at zero dc electric
plotted in terms of the left-hand quartz, field, at zero external stress and at constant entropy.

Taking into account the existing random errors in The coefficients 'Anrs, 
2
Aijkln, 

3
Aimn,d

the measurement of the natural resonance frequency f, 4Anrs in Eq. (1) are functions of the elasfic stiff-
in the frequency change Lf, the applied dc potential nesses, of the piezoelectric stress constants and of
AV, and the tolerance in the resonator thickness t, the dielectric permittivities of the crystalline
the relative probable error in the values of (I/f). material. Furthermore, they depend on the crystal-
(Af/AE) was found to vary between 2 and 3 percent. An lographic orientation of the plate, on its thickness,
additional error would be caused by the variations in on the electrode separation, on the mode of vibration,
the true orientation angle of the resonators with on the order of harmonic, and on the direction of the
respect to their nominal orientation, amplitudes of the vibrations.

5 
They do not depend

explicitly on the excitation level of the plate

The quasi-exponential decay of the frequency vibrations or on the temperature.

change Af taking place during observations while the
dc electric field is applied must also be considered The expression (1) for the magnitude of the

as a source of errors. Given the conditions under polarizing effect is based on Eqs. (2)-(5).5 These
which the experiments described here were conducted, equations represent the conditions which obtain in the

and using the available data on the Af-decay for linear approximation for the eigenfrequencies and the

guidance,
4 

the error in the values of (1/f).(Af/AE) amplitudes of the thickness modes of piezoelectric

caused by the drop in the frequency change Af was plates of infinite lateral dimensions placed between

estimated to be in the neighbourhood of 1 to 2 percent. infinite plane electrodes. In order to obtain Eq.(1),
these conditions were differentiated with respect to

Another possible systematic error could arise the superposed dc electric field E treated as a

from an inhomogeneity of the dc electric field. The parameter. The differentiated conditions were then

accuracy of the readings could also be impaired by a solved for (l/f).(af/E) at E - 0. Subsequently, the

possible presence of parasitic resonances. obtained solution was put equal to the measured
quantity (I/f).(Af/AE). This was possible because the
measurements were carried out in the linear domain of
the polarizing effect. Accordingly, the tensor quanti-
ties defined by Eqs. (2)-(4) appeared in Eq. (1) as a
result of this process rather than as the members of
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t

the nonlineaz equations of state. According to Eqs. (5)-(8), each of the coeffi-
cients 1Anrs, 

2
Ai kIn, 3A jmn, and 

4
Ants is an

The symbols 1Anrs, 21 ijkln, 3ljmn, and 4Anrs  algebraic sum of wo or mote terms, each containing one
foind in Eq. (1) were not used in Ref. 5. Together factor of the type PLik, p = 1,2,...,5. The factors
with some other minor notational changes they are PLik are characteristic of the origin of these terms.
introduced here to simplify further treatment of Eq. They relate each of the terms to a specific part of the
(1) and its application to a-quartz. In relation to condition for frequency of the thickness modes of plates
the notation used before

5
, the following definitions in Sq. (2)5 and to the quantitative change this part

apply is assumed to undergo as a result of the applied dc
electric field. In this sense the terms containing

A 5ik lLi k, 3Li , 4Lik and 
5
Likcorrespond, in the same

Lnrs 2 Likirks +  ik order, to the efective elastic moduli of the plater(z) in Eq. (10)', to the quantities rik in Eq. (7) ,
d Lt 6 ] to the terms cotFiFk/eb representing the coupling among
b b 5(d-t))ros n the modes at the traction free surfaces of the plate

in Eq. (7)5, to the direction cosines A z) of the
of the amplitudes of vibrations in Eq. (7)5, and to the2ikl 1 Fl 2Li 4Li

(6) 2A L 2 L - 4L ofa density p and the thickness t of the plate in B(z)inijl 2 i k ' Eq. (10).5s

3 1 i l 2 3 4 F The large number of terms in Eq. (1) can be
(7) A Fm L 2 L ik I ajm , substantially reduced by means of the traditionalmatrix index notation.1 0  

By replacing the pairs of
Latin indices ij, kl, and rs by a single Greek index

(8) 4A W IL + 2 3 /Lik( I + (dt) X or p, X, -1,2,...,6, one obtains

) FiFk  (15a) d = dnrs, for r - s,

4LikJ -2 an rs,+

(15b) dn = 2 d nr s f= 2 d nsr, for r s,
and further

(9 f EiA()k .i(B(Z~cot\ (z )" (B~~ z ) )  
(1) 6 = = 6 =

(9) L L= , T ct z) ) ) B s(16) 6B2n
fi 6 ijkln

= 
6ijlknu 6jikln

f 
5jilkn,

z=1 i Osin 2 B ( z ))

k Ac -
(B 

) 2 
" (17) q = qi= q ijnm= qjimn = qJin'

(10) zL i rz r (B(z)cot si2 B(z)) where the substitution is made using the standard

rules.
10

I D Z) Application of the Kleinman conditionsll leads
W ik ' to a contraction of the second-order permittivity

tensor. A single Greek index A can be used to replace
each triad of the Latin indices nrs consisting of the

2 (z) (z)\)co t B(z) same index values irrespective of their order according
(11) L ; ( iE A + E kzA i)B tB to the following rule

ik i

(18) A = n . r . s

(12) 3
Lik = 

t  (Ei z Az) + Ek W Az)) so that the new components tA can be introduced as shown
ik Z.1 (19) t6 = t = tnsr = tsnr f tarn ' trsn = trns

4
t 

F F The set of 10 index values a generated by Eq. (18) is
(13) 4 = ErrsB( "cot B )  

r . "discontinuous", which is somewhat unusual. On the
ik b other hand the Greek indices a can be easily related

to the corresponding original triad of the Latin tensor

S(z) + (z), indices. In Table I the correspondence between the
(14ik ski indices A and the triads nrs is shown in detail.

To take advantage of the contraction of tensorsdescribed in Eqs. (15a)-(17) and (19), the coefficients

(14) 5 a L ik + "i~k L 1Anrs, ijkln, 5AtJmn , and 4Anra must be adjusted
accordingly. Using the same rules of assignment of the
Greek indices, the following definitions are convenient

As regards all other symbols used In Eqs. (5)-(14),
their earlier definitions

5 
remain in effect through-

out this paper. (20) 1 AX A nrs,

All material constants appearing in Eq. (1) as 2 2
well as the quantities defined by Eqs. (2)-(4) are (21a) A - Aijkn, for i J, k = 1,
related to the basic frame of referenc- defined in ksn
piezoelectric crystals.

8
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(21b) hA n - 2 A , for i - J, k 1 1, (26) (I.f).(Af/AE) - Al d + 1I4 d
Xpn ijkln+ ijlkn' 11 11 14 1

2 2 2

(21c) An Aijkln+ Ajikln, for i J, k 1, + 2 Q +
2 

6Q 4
2 
Q

ill Aii 111 131 131 141 141
2 2 2 2 2

(21d) 2+.A 2A 2A 2+AAxr Ajk ij
+ 

ijlkn
+  

jikln
+  

jilkn' + 
2
A2 6 +

2
A2  6 +

2
A3  6

221 221 241 241 341 341for i J, k 1, '

+2Q8 +2 A 6 
3 A QA Q +3 lq l+ 3441 441 153 153 1111

(22a) 
3  

A ijmn for i = J - m = n,

+3 Q 23AQ q+3 AQ 3 Qq

(22b) 3 A ijmn+3Aijn for i = J, m n, + 12q 13q13 14q14+ A31q31

f3Aljj+3Amn+3Aq 3 Q 3 Q 4 Q
(22c) 3A A A for i  J, m n, 33 33+ A41q41+ A44q4 4+ 

A l
t1 ,

(22d) 3%' .3 A ijm+3Aijr +3Ajim+3Ajinm, 
where

for i , J, m n, (27a) 
1
Ali =

1
Al -

1
A12 -2

1
A26,

(23a) 4AA  4Anr s' for n = r = s, (27b) A 14 =
1A14 -

1A25,

12 2 12A 61

(23b) Aa  = Anrs+ Ars+ Asnr, for n r s or111 2-111 X 121 211)- 2

for r- nor + + 2  6 2 A 3 2A 2 2 +A2 6 2 )

for a = n r,

(28b) 2AQ 22 A 2 2 2 2A 2A
4 4 A 4 4rs hnsr+Abrs Arns+Anr4srn' 131  131+ A311- A231- 321 361 631'

(23c) A *~A -
A 2Q 2 2 2' 22

for n j r $ s. (28c) 2AQ141-2A141
2

+ 2A411- 12A 561+ A651)- _A 252+2 A5 22)

Using the new index notation, Eq. (1) takes on

the following form + 12 A2

(24) A d + A121 + (28d) 
2
A 2A 661

(k a/h =Inn+2klin %P+3 XP XP4AA (8) "221' "221- 1121) 2

where n - 1,2,3, X,p = 1,2,..., 6, and A = 1,2,3,4,6,8, +4 2
A1 62+ A61 2) " K

2
A262+ 

2
A6 22),

9,12,18,27. The Einstein summation rule remains in
effect for all index values listed. (28e) 2AQ 2 2 1 2 2 A 2

e 241  A241+ A421+ 2  561  651) 1 5 2 " A 51 2
The new index notation results in a substantial

reduction in the number of terms on the right hand 1(2 2 \

side of Eq. (1): from the original number of 378 in 2- A4 6 2+ A642),
Eq. (1) to only 172 in Eq. (24). This number can be
further reduced to only 127 terms by means of the (28f) 

2
AQ 

2
A 2 2 2

relationship 341 341+ A431  A3 52 " A 53 2,

2Q 2 2 2 2

(25) 6 - 6n, X, - 1,2,...,6, (288) A4 1= A44 1- A551+ A4 52+ A54 2,

that follows from the thermodynamic considerations. (2Qh) 23 1512 2_2 2 A 2 2 24A
A153  513  253- 523-A 463- A6 43 ,

Application to a-quartz 13

In the above form Eqs. (24) and (25) would apply (29a) A1 1l A11 + A22 + 66'
to the crystalline material of any symmetry. In the 3
case of a-quartz Eq. (24) is further simplified, as (2b) 

3  
+ 

3  
-

the number of the independent tensor components dnX, 12 12 2 66'

1n, q0 , and ta is reduced due to the crystal

S; try of a-quartz. When Eqs. (24) and (25) are (29c) 3AQ 3 . A13 + 3A23 'combined, the following result is obtained
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Two sets of plates are investigated experiment-
(29d) Q = 3 "A + A653 ally in the present paper. For the first set of

A14  A14  A2 4  plates of orientation (xzl), the following coeffi-

3 Q 3 3 cients in Eq. (26) are found to be equal to zero for
(29e) A 31 = A31 + A3 2, all cut angles

(29f) 
3
A 1 = 

3
A4 1 -

3
A4 2 + 

3
A56, (31) 1A 4 = 0

(29g) 
3
A3 = A3 3 , (32) 2AQ m 

2A Q3 3 3 131 341 153

3 4 3( 
3 

A 2 = = =
3
A AQ3 

A
3 3 

A
4 0

(29h) 31 44 = 4 5 (33) 13 14 31 3 = 44

(30) 
4
AQ = 

4
A - A4  As regards the second set of plates of orientation
1 4(xzw) , the following holds true in general

In Eq. (26) we find the magnitude of the polar-
izing effect with the thickness vibrations of i-quartz (34) 'A14 = 0
plates as a linear function of the independent
components of the participating tensors. These are: 2 3 0
components dnk of the tensor of the converse piezo- (35) A12 =
electric effect, 8 components 6X n of the tensor of the
electroelastic effect, 8 components qXl of the tensor In addition to the above equations, and for each set
of the second-order piezoelectricity, and I component of the plates, several nonzero coefficients in Eq.(

2
6)

tA = t1 of the tensor of the second-order permittivity. are found to be linearly dependent on other nonzero
In order to obtain Eqs. (26) and (7a)-(

3
0), the matrix coefficients, eg.

diagrams of these four tensors are needed in full
detail.

4
,
1 0

,1
2
,1

3 
(The matrix diagram of Lhe photo-

elastic coefficients Pijmn must be referred to
lO 

in (36) 
2
A4 1-00 212 + 2.00 2Q

order to obtain the structure of the second-order 441 141 221
piezoelectricity tensor).

which holds for all plates of orientation (xzl)*.

S he vales of the coefficients of the types Eqs. (3l)-(35) and relationships of the type shown in
(% , 2.Qn fA r and of the coeffiient e ? in Eq. Eq. (36) simplify Eq. (26) considerably. Unfortunat-
(265 were calculated for a number of plate orientatims, ely, they also reduce the amount of information about
and for different plate thicknesses, electrode separa- the second-order effect that can be obtained from the
tions and orders of the harmonic of the three thickness experimental data available.
modes. The results obtained indicate that the values
of these coefficients depend primarily on the plate Second-Order Effects
orientation. The changes in the remaining factors
affect the coefficients in Eq. (26) only to the extent Electroelastic Effect, Second-Order Piezoelectricity
of several percent of their values. The maximum and Second-Order Permittivity

orders of magnitude of the coefficients 
1
AQ 

2
AQ

3
AQ , and 

4
j,'were found to be 10-1, 10-2 N-m 2

,  
In order to demonstrate the possibility of

l0
"  

VN-lm,land 107 F-1m, respectively, determining the components of the tensors of the

electroelasticity, of the second-order piezoelectri-

The values of the elastic stiffnesses c- , of city and of the second-order permittivity, Eq. (26)

the piezoelectric stress constants enk, and of'the was applied to the 32 experimental data available for

dielectric permittivities cmn needed to calculate the the twelve plates of orientation (xzl). Eqs. (31)-

above coefficients were taken from Ref. 14. The value (33) were used and Eq. (26) was rewritten as follows

p = 2.649 x 103 kg.m-
3 

was used for the density of

ci-quartz. (37) 
1 
L-- - =

2
AllI d 2AQ + 2A4 1

f INE 11 11 ill ill 141 141
Further analysis of the values of the coeffici-

ents IAA 1& 
2

Q n, 3,. , and 
4
A? in Eq. (26) was undir- 

2  
6 2 Q

taken using Eqs. (5)- (8). In Eq. (5) the term 221 221 241 241
containing the factor 5Lik was found to be always

larger, by two orders of magnitude, than the term 
2 
Q 3 Q

containing the fa tor 
3
Lik. In Eqs. (6)-(8) the + A441 6441 

+  
A11 q 1

factors Lik and Lik are of the same order of ma~ni-

tude and about 100 times larger than the factors Lik Q q 4 + A1 ti

and 
4
Lik. As far as the factor 

3
Lik is concerned,

this implies that if the interpretation of the polar-

izing effect includes the second-order piezoelectricity The substitution of the available experimental values

and the second-order permitivity, the coupling among for the magnitude of the polarizing effect (1/f).

the thickness modes, although it complicates the (Af/AE) and of the known
1 4 

piezoelectric strain
calculations considerably, should not be neglected. constant dll resulted in a system of 32 simultaneous

At the same time the dominant positions of ILik in Eq. equations for the eight second-order tensor components

(6) and of 
5
Lik in Eq. (5) explain the agreerrent 611, 6141' 6221' 6241' 6441' qill q41 ' and tI .

between our present results and those obtained by
Kusters

4 
which will be shown later. Eq. (36) and another two linear relationships

were found to hold among the coefficients AY11,
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-WA -R, ..

2 and 4A? in Eq. (37) for all the cut angles of the contributions of the second-order permittivity

and the acoustic modes studied experimentally. After is not greater than 10- VIm. As regards the
the inclusion of these relationships into Eq. (37), second-order piezoelectricity, its typical contribu-
each eq-ation of our system took on the following form tion is of the same order of magnitude. However

should the order of magnitude of qI1 be 10
-9 

NV
"2

, its
contribution in some cases would be a comparable to

(38) (l/f).(Af/AE) - A11 d 1 fI that of the converse piezoelectric effect.

As regards the computed second-order tensor
2
AII(8111+1.63 x 10

9
q quantities containing the components of the electro-

1 11) elastic tensor 8. _, the probable errors stated in

Table II are each smaller than 4%, the average being

2 Q 3%. Since the experimental errors in the values of
+ A14 1(8141 "82411

"
00'441) (1/f).(Af/AE) are approximately the same, the 3%

errors are consistent with the position of the elec-

troelastic tensor in Eq. (38). The percentage errors

+ 
2
A 2(2+2.008 -1I.62 x 10

9
qll are larger for the quantities q41 and t1. This result221('221 0441 11) is understandable since q41 and tI play a qualitatixely

unimportant role in Eq. (38).

S3Q 41 1 4 Cumulative Electroelastic Tensor

T dThe dominant position of the electroelastic
The dimensions of the numerical coefficients 1.63 x 109 tensor implied in the previous section was confirmed
and 1.62 x 109 are Vm

"1
. when it was found that a successful numerical inter-

pretation of the available experimental data was
The method of least squares was used to find the possible while formally neglecting the second-order

suitable values for the five second-order tensor compo- piezoelectricity and the second-order permittivity.
nents and their combinations appearing on the right
hand side of Eq. (38). The results obtained are The plates of orientation (xzl) : The steps
presented in Table II together with their mean that had led from Eq. (26) to Eq. (3) were followed
probable errors. and the terms 

3
A,1q,1 , 

3
Aiq,1, and Alt in Eq. (37)

were disregarded. A new isE-m of 32 ilultaneous
The calculated components and component combina- equations was obtained, relating the magnitude of the

tions of the tensors of electroelasticity, second- polarizing effect (I/f).(Af/E) to the electroelastic
order piezoelectricity and second-order permittivity and the converse piezoelectric effects only. These
listed in Table II were substituted in Eq. (38) in equations were of the following type
order to demonstrate their ability to reproduce the
thirty two original experimental values of (1/f).(Lf/AE1
While most of the values themselves are of the order of (39) (1/f).(Af/AE) - d = AI18
1011Vlm or 10

-
12 V'Im, the average absolute 11

difference was only 1.5 x 10
"
13, the maximum difference

being 6.2 x I0-13 V'm. In terms of percentages, the + 
2
A4(1 8 - 1.00

average deviation of the calculated values of (1/f). 141('141 - 241 441)

(Af/&E) was 2.8% of their experimental counterparts.
Given that the experimental errors in (1/f).(Af/AE) were 2Q 2
estimated to be about 4 percent, the agreement is good. + A2 21('221 + 200 8441)

Eq. (38) can be applied to the fundamental
frequency of the three thickness modes of the plates The method of least squares was used again to compute

in the whole domain of orientations (xzl)*. Using the the suitable values of the electroelastic tensor

quantities in Table II, calculations of the magnitude component 6111 and of the component combinations 6141
of the polarizing effect (1/f).(Af/AE) as a function - 6241 - 8441 and 6221 + 2 6441. The results of this

of the cut angle * were made for 00 < * 300 at 50 calculation are shown in Table III in the cclumn

intervals. The three curves obtained predicting the marked (xzl)*. The probable errors in the computed

dependence of the polarizing effect on the cut angle quantities are in the neighbourhood of 3%.

for the three acoustic modes are shown in Fig. 1. For
the angles *, 300 < < 600, the graphs are odd The quality of reproduction of the experimental

functions of # for * =300 . 1he experimental values data by means of the calculated tensor components is

for (1/f).(Af/&E) which are also plotted in Fig. I shown in Fig. I. The fitted curves giving the

give an overall picture of the relationship between dependence of the magnitude of the polarizing effect

the experimental data and the fitted curves, on the cut angle # for the three thickness modes are
calculated using Eq. (39). The average absolute

Using the computed value of q41 for guidance in difference between j e clculated and the measured

estimating the magnitude of the contribution of the values is 2.4 x 10-_, V'm, the maximum difference

second-order piezoelectricity, and considering it being 6.8 x 10-1 V m. The agreement between the

of the component calculated and the experimental values is not subs-

unlikely that the order of magntude II)the can tantially different from the one obtained when allq11 be greater than 10
-9 

NV
"2 

(Table II) one can

conclude that the most important contributor to the second-order eftects appearing in the quasilinear
polarizing effect (1/f).(Af/AE) is the electroelastic approximation of the polarizing effect are taken into

account. At the same time it should be noted that the
tensor. When applied to a number of cut angles *, Eq. whole set of 32 experimental data is now being repro-
(38) showed that the contribution of the electroelastic duced using only three calculated constants.
effect was always of the order of the polarizing e fect
itself. With the polarizing effect exceeding 10-11 In connection with the above results it is rele-
r'lm, the converse p zoelectric effect accounts only vatomeinthttepshvebnmdeoue
for multiples of 10 V m. The order of magnitude vent to mention that attempts have been made to use
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Eq. (37) and to interpret the data for the magnitude The results from the column marked (xzw)§ in
of the polarizing effect while n~glecting either Table IV can be compared with the values for the
completely or in part the terms AXn 

6
Xn . All these cumulative electroelastic tensor components in Table

attempts failed completely. The least square estim- III independently obtained before. A direct compari-
ates of the second-order tensor components retained in son is possible for the component 6111; the values for
the final form of Eq. (37) were always found to be 

6
141- 62 - 

6
4l and for 6221+ 2 6441 can be obtained

associated with large probable errors, and the origi- from Tabtle IV combination of the available results.
nal experimental data for the magnitude of the The comparison is made in Table I1.
polarizing effect (1/f).(Af/AE) were never reproduced
satisfactorily. Moreover, the twenty-nine data on the polar-

izing effect with the plates of orientation (xzw)4 and
While the three numerical values in Table III the cumulative electroelastic tensor components

reproduce the experimental data well, they are not calculated from them were used to predict directly the
recommended as the best values for the electroelastic magnitude of the polarizing effect with the plates of
tensor components 6111, 6141- 6241- 6441, and 6221+ orientation (xzl)*. The calculated curves and the
26441. In Eq. (39), these components take over, at experimental values obtained independently are shown
least in part, the function of the quantities q11 , q41 , in Fig. 4. For the thirty two experimental data at
and t which are present in Eqs. (37) and (38) but are our disposal the maximur absolute difference between
formally rejected in Eq. (39). As a result, it is th predicted and the measured values is -08 x 10-12
possible that two or three second-order effects are V'-m; the average difference is 3.6 x 10-lI V-m, the
combined in the values given in Table 111. This is median only 3.0 x 10-13 V-

1
m.

why we call the quantities calculated in this section
the components of the cumulative electroelastic tensor. All calculations in this section of the paper

were made for the left-hand modification of a-quartz.

The plates of orientation (xzw)J - One component Consequently, the values of the second-order tensor

and five component combinations of the cumulative components in Tables II-IV are also related to the

electroelastic tensor were determined from the 29 data left quartz. If similar constants are required for

(Fig. 2) pertaining to the polarizing effect with the the right-hand modification, one should change the

fourteen plates of orientation (xzw)l. The experimen- sign of all constants 6 u and of the constant t1 .

tal data used in the preceding section were not However, the signs of the constants qX, should not be

involved. The values of the calculated tensor changed.

components together with their probable errors are
given in Table IV in the column marked (xzw)§. They Conclusion

were calculated by the method of least squares from a In the present paper the observed changes in
system of 29 equations of the following typen frequency are associated with the changes which are

induced by the dc electric field and assumed to take
( Q d place in the quantities appearing in the linear theory(40)11 of the thickness vibrations of of-quartz plates. The

polarizing effect is thus interpreted as a consequence
2 6 +

2
A (6 -0.41 +0.25 6341) of the changes in the dimensions of the plate and the

ill ill 131('131 '221 341) airgap due to the converse piezoelectric effect and
the changes in the values of the elastic, piezoelectric,

2 Q (and dielectric constants. The changes in the material
A141(6141-0.26 6221-0.67 '341 constants are described by means of a fifth rank

tensor of electroelasticity, a fourth rank tensor of
second-order piezoelectricity, and a third rank tensor

*
2  (6 -0-67 of second-order permittivity. In the resulting Eq.
241('241"0"7 '221" 341) (26), the magnitude of the polarizing effect also

depends on the orientation of the plate, its thickness,
2 Q / the electrode separation, the acoustic mode, and the

+ A441('441 + 0.50 6221) order of the harmonic.

In conjunction with the experimental values for
.2 0Q 062 - 0.51 b the magnitude of the polarizing effect, Eq. (26) led

0 653(153 + '221 36 to the determination of several components and compo-

nent combinations of the tensors of the second-order

Eq. (40) obtains from Eq. (26) when Eq. (26) is effects. Insofar as one can conclude from the small

applied to any plate of orientation (xzw)t. Eqs. (34) number of values obtained, namely five, the order of

Ind (35) are used, and all nonzero terms of the type magnibude of the electroelastic tensor components 
6
Xun

: h and the term 
4
A? t, are disregarded. Two is 10 NVlm-

1 , and that of the second-order piezo-
o.ftents, 2

A9 1 and 2Aq 4 1 ,were found to be linearly electricity tensor components q1  is 10-10 NV " . Thepcndnt on other coeffic ents A un in the whole only independent component tl ofrthe second-order*~pondt on outhangles 4.These linar~ reinshi hpermittivity was found to be of the order of 10-20-Alm of cut angles 4. Thes linear relationships-1tr

.lso tncluded in Eq. (26) in order to yield Eq. FV . The ability of these quantities to reproduce
the original experimental data is better than 3% on
the average.

hc t' of the obtained results to reproduce
-.. .Kperimental data is shown in Fig. 2. The electroelastic effect appears to be pri-

I .*% giving the magnitude of the polar- marily responsible for the frequency changes observed,

. asl three thickness modes are namely for the larger values of the polarizing effect

* - . 1 Eq. (40). The average absolute of the order of 10
-
11 Vm-l. The converse piezoelectric

* .. n r, calculated and the measured effects ranks second, with contributions of the order

• d-lm. the maximum difference is of 10-12 V-
1
m. In general, the second-order piezo-

electricity and the second-order permittivity seem to
be of less importance. This view is supported by



several results obtained when the latter two effects and Miss P. Hruska for their assistance at various
were formally neglected, namely the numerically stages of preparation of this paper.
successful interpretation of the polarizing effect by
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Also, the quality of reproduction of the experimental
data is improved in spite of their larger quantity. 11. D.A. Kleinman, "Nonlinear dielectric polarization
The fact that a part of the experimental data serving of optical media," Phys. Rev., vol. 126, pp.

as a basis for this paper has already been used
5 
makes 1977-1979, June 1962.

it particularly easy to notice the improvement.
12. K. Hruska and V. Kazda, "The polarizing tensor

This work on the polarizing effect has been of the elastic coefficients and moduli for
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phenomena. Its general purpose is to demonstrate that 503, 1968.
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of second-order effects, second harmonic generation of light (SHG) of
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112 113 122 123 321 133 223 233
nre 111 121 131 212 231 132 222 313 232 323 333

211 311 221 312 213 331 322 332

1 2 3 4 6 8 9 12 18 27

TABLE I Correspondence between the three index and the single index
notations for the components of the second-order permittivity
tensor. A simple assignment rule A - n . r . a generates ten
Greek indices A easily related in both directions to the original
triads of the Latin indices n r s . The rule can be used provided
that the Kleinman conditions

1
' are applicable.

(xz1)4,

Bill + 1.63 x 109 qll NVlm-1  3.06 t 0.04

8141 - 1.00 8441 - a24 1  NV-lm I  1.06 ± 0.04

8221 + 2.00 B441 - 1.62 X 109 q1 1  NV'lm-1  -2.12 ± 0.08

q 41 lo-10 NV_ 2  -1.14 ± 0.28

t1 10 - 20 FV -1  4.27 ± 1.27

TABLE II Values for some components of the tensors of the second-order
effects of a-quartz at 20

0
C. The values are calculated using

the 31 observations of the polarizing effect for the plates
of orientation (xzl)# shown in Fig. 1. The quantities 5k n

=

7cP/6En are the components of the electroelastic tensor of
a-quartz. The quantities qX are the components of the second-
order piezoelectricity tensor defined as qijmn OemijtEn
where the pairs of Latin indices ij and mn, (i,Jm,n = 1,2,3),
are repiaced by the Greek X and p, (X, p = 1,...,6) in the usual
manner. The quantity tI = aell/6E1 is the only independent
nonzero component of the second-order permittivity tensor of
a-quartz. The coefficients 1.63 x 109 and 1.62 x 10

9 
have the

dimensions of Vm
-1

. The tolerances are stated in terms of the
mean probable error.
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8 Xun X1* I 1 XWD

8111 2.98 t 0.03 2.90 t 0.10

8141 - 1.00 8441 - 8241 0.93 ± 0.03 0.98 ± 0.09

8221 + 2.00 8441  -1.86 ± 0.04 -1.74 ± 0.06

TABLE III Values for some cumulative electroelastic tensor components
of cy-quartz at 20

0
C. The values in the two columns are

calculated independently, using the observations of the
polarizing effect for the plates of orientations (xzl)*
and (xzw)§ shown in Figures 1 and 2 respectively. These
values are obtained if the interpretation of the polarizing
effect is based solely on the electroelastic and the
converse piezoelectric effects, i.e. neglecting the second-
order permittivity and the second-order piezoelectricity.
Other explanatory remarks are identical with those made for
Table II.

(xzw)D I (xzw)D (xzlw)*'4
(xzl)* I Kusters

NV
1 m'.

8111 2.90 ± 0.10 2.96 ± 0.03 2.97

a 131 - 0.42 8221 + 0.25 8341 0;66 ± 0.11 0.68 t 0.05 0.32

8t41 - 0.26 8221 - 0.67 8341 0.88 t 0.04 0.90 t 0.03 0.39

8241 - 0.76 8221 - 0.67 8 341 0.77 ± 0.08 0.88 ± 0.04 -1.46

a + 0.50 8221 -0.87 t 0.03 -0.90 1 0.02 -0.39

La153 + 0.60 8 221 - 0.51 8341 -1.03 ± 0.07 -1.01 t 0.04 -0.78

TABLE IV All components of the cumulative electroelastic tersor that can be calculated
from observations of the polarizing effect with the plates of orientation (xzw)I.
The values calculated using the 29 observations from Fig.2 are given in the column
marked (xzw)§. The values in the nect column are calculated by means of all 61
experimental data available in this paper. The degree of agreement with the values
in the last column is properly appreciated only if it is realized that the orders
of magnitude of the values for the components 613. 862. ... and 6 

e3 given by
Kustera 4

.
1 5 

are 10 NV-m "1 
and 102 ?M Othe nty remar are identical

with those made for Tables II and III.
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COERCIVE STRESS FOR FERROBIELASTIC TWINNING IN QUARTZ

T. L. Anderson, R. E. Newnham and L. E. Cross
Materials Research Laboratory
Pennsylvania State University
University Park, Pa. 16802

Summary wilI contribute to a better understanding of the nature
of the bielastic twin wall, its mode of motion and the

The coercive stress for ferrobielastic twinning in relation to the phenomena of ferroelectric and ferro-
quartz has been measured using a uniaxial stressing jig elastic twin wall motion. The studies are also of
at room temperature and at 148, 208, 318 and 355*C. At practical importance for three areas:
the three lowest temperatures, stripe-shaped domains
were induced with wails parallel to the optic axis. (i) In attempting to exploit the control of
When the stripe-shaped domains spanned the crystal from elastic and piezoelectric properties afforded by the
edge to edge, they began to expand uniformly in the X2  twinning operations

3
, it is important to be able to

direction, maintaining the domain walls with minimum control the shape, volume and spatial arrangement of
strain mismatch. With continued increase in stress, the twin components. The elastic coercivity and its
the samples converted completely to the alternate orientation dependence under different driving fields
Dauphing twin state with an audible snapping sound. At are clearly of cardinal importance;
room temperature, when the stress was relieved, the
sample switched back to its original state, but at 148, (ii) For the correct processing of present single
208, 318 and 355*C no switchback was observed, crystal (monodomain) resonators and control devices, it

is obviously highly desirable to know the limiting
At temperatures above 318*C, no stripe-shaped environmental parameters below which twinning will not

twins were observed, but rather an irregular domain be induced;
expanded in all directions without regard to domain
wall restrictions until the entire sample had switched. (Iii) Certain geophysical problems require an

understanding of the plastic deformation of quartz
In general, as the temperature was increased, the bearing rocks at very high stress levels. Under these

coercive stress for domain nucleation decreased at a conditions bielastic twin motion may be possible, and
rapid rate over the temperature range tested. It may interact with other deformation mechanisms.
appeared as though the structural bias was annealed out
at elevated temperatures and that domain wall strain In this study, the orientation dependence of the
mismatch decreases rapidly with temperature. elastic drive function for ferrobielastic switching has

been determined for a simple biaxial stress system
Ke.Words Twinning, Ferrobielasticity, Domains, applied to single domain crystals. The symmetry of the

Dauphine Tins, Coercive Stress, Mechanical Twinning. drive function profile has been verified by thermally
induced switching experiments under limited laser heat-

Introduction ing.
4

Several types of twinning can occur in quartz. For the orientations where the drive field require-
'Brazil' twins are growth twins, and if absent from ments are a minimum, the coercive stress has been
the original crystal, they cannot be induced late, examined as a function of temperature using a simple
without breaking strong silicon-oxygen bonds. Elec- uniaxial stressing jig. In this arrangement the
trical, or Dauphing twins on the other hand have appearance of Dauphini twins can be monitored optically
orientation states related by a 180* rotation about in polarized light since the photoelastic coefficient
the trigonal axis; i.e., the positive x-axis in one w112 3 changes sign between orientation states.
state becomes the negative x-axis in the complementary
twin state (Fig. 1). The atomic shifts necessary to go Experimental
from one twin state to the other involve motions of
less than 0.3A and require no breaking of silicon- The quartz bars used in the ferrobielastic switch-
oxygen bonds, ing experiments were fashioned from large synthetic

single crystals which were commercially produced using
The subtle distortions which occur in Dauphing hydrothermal techniques. The samples were optically

twinning are associated with the loss of symmetry clear and free from obvious imperfections. No twins
which takes place at the 8 and a phase transition were detectable in the virgin samples.
(from point group 622 to 32) and are consistent with
the ferroic species 622F32 in the notation of Aizu.

1  
X-cut quartz bars were used in the switching ax-

For this species it should be possible to move the periments. The orientation of each crystal was deter-
twin walls by the application of a suitable mechanical mined using the Lsue x-ray technique. From a single
stress (ferrobielastic switching) or a suitable com- Laue photograph parallel to a diad axis, the X2 (-1120])
bination of elastic and electric fields (ferroelasto- and X3 (-[O01) directions as well as the sense (posl-
electric switching). In the former case the 'driving tive or negative) of the Xl(-[lO0 ]) axis can be deter-
force' is associated with tuae change in sign of the mined.
compliance element 112 between twin states, and in
the latter case, through the change of sign in the Having established the orientation of the crystal
piezoelectric element dll1 between states, axes, the samples were cut with a diamond saw into

rectangular bars with the faces to be stressed rotated
The phenomenon of stress-induced twinning and de- about the X, axis to form 45* angles with the X2 and X3

twinning of quartz has been known for many years
2
; axes (Fig. 2). Typical smple dimensions were approxi-

however, this ferrobielastic switching does not appear mately 0.8 x 0.8 x 0.4 cm" with the thin dimension
to have been properly and systematically studied with parallel to the Xl axis. The surfaces to be stressed
well detined elastic, thermal and electrical boundary were then lapped parallel and the faces perpendicular
conditions. to Xl pol'shed sufficiently to render them transparent.

Such studies are of basic interest in that they The pressure cell employed in these experiments is
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illustrated in Fig. 3. The two opposing rams were defined, highly oriented, stripe-shaped domain states
fashioned from cylindrical bars of tungsten carbide observed in the forward process. Switch-back began in
with ends polished perpendicular to the ram axis. The the area of the crystal which was last to twin in the
sleeve was produced from S.A.E. 1018 mild steel and was forward process. The domain was singular and shapeless
bored to produce a ram-sleeve clearance of 0.004 cm. and expanded on a broad hazy front until the entire
A sample chamber for sample loading and optical obser- crystal had switched back at zero applied stress.
vation and two thermocouple openings were machined per-
pendicular to the sleeve axis. It was observed that the growth of domain states

proceeds with a definite velocity and that there is a
The stressing jig is illustrated in Fig. 4 and lag between applied stress and domain growth. Once the

features an Enerpac RC53 hydraulic ram, a B.L.H. twinning process has begun, the applied stress can be
Electronics Type C3Pl load cell, and a Daytronic Model held constant while twins continue to grow for some
700 digital strain gauge indicator. To stabilize and time thereafter. Typically, for virgin material,
protect the hydraulic ram and strain gauge from the stripes grow in length parallel to X3 until they span
effects of elevated temperatures, all the pistons are the crystal from edge to edge and then begin to grow
water cooled. All contacting surfaces along the stress wider along the X2 direction.
path have been machined flat and perpendicular to the
stress axis. As indicated previously, the initial coercive

stress and subsequent switch-over stress depend on the
The pressure cell was completely encased in a past history of the sample. The sample with the lowest

resistance-wound furnace with temperatures controlled coercive stress contained several twins prior to per-
by a Wheelco temperature controller and chromel-alumel forming the stressing process. The samples with the
thermocouples. Sample temperature was also sensed by a largest coercive stress had previously been squeezed in
second chromel-alumel thermocouple in direct contact a direction which stabilized the existing twin state.
with the crystal bar and monitored by a Fluke Model
8300 digital millivoltmeter. Each thermocouple used an With a second application of stress in the forward
ice water reference. direction, it was discovered that the coercive stress

to nucleate twins was typically an order of magnitude
Since the Dauphing twin states in quartz can be lower than that measured during the first stress appli-

discerned optically under stress in polarized light, a cation. Likewise, the stress required for complete
high intensity light source, a polarizer-analyzer com- switch-over was reduced to about half the value re-
bination and a telemicroscope were positioned as illus- corded for the first switch-over. Twins were observed
trated in Fig. 4. An aperture was drilled through to begin nucleation in the range 3.4 - 4.4 x 103 nt/cm

2
,

opposite sides of the furnace for illumination and with complete switch-over occurring at 1.5 - 2.9 x 104
observation of the sample. nt/cm

2
. The switch-back process became noticeable at

1.8 x 103 nt/cm
2 

as the applied stress was relaiced.
Results

Subsequent stress applications showed that after
With a quartz bar loaded in the stressing jig and the second switch-over, the pressure necessary to

oriented as indicated in Fig. 2, and with the polarizer initiate domain movement and switch over stabilized at
and analyzer set to optical extinction, a uniaxial slightly lower values. If the pressure was increased
stress was slowly applied. The stress level at which beyond that required for switch-over, the stress nec-
twins were first observed to nucleate was noted and essary to move twins in the subsequent trial, as well
then allowed to increase. Twins continued to nucleate as that required for switch-over, was reduced. Repeti-
and expand until finally the entire crystal switched tion of this process twenty times at stress levels well
suddenly to the alternate twin state. beyond those required for switch over (up to 9 x 104

nt/cm
2
) caused the crystal to cease switching back; the 

At room temperature, 23*C, 3tripe-shaped domains crystal remained in the alternate Dauphini twin state.
nucleated from the edge of the bars at stress levels
between 2.4 - 2.7 x 104 nt/cm

2 
(Fig. 5a), depending on Rotating the crystal 900 about the X, axis and

the sample's past history, and continued to grow in the once again applying a stress caused the sample to

X3 direction (Fig. 5b). switch back to the original state. The stress level
necessary to accomplish this reversal was much lower

The advance of these domains was not always con- than that which was necessary to go in the forward
tinuous but was often abrupt and step-like. With the direction. Once the crystal has undergone switch-back
application of still higher pressures, the domains to the original state, it does not experience any back
eventually spanned the crystal from edge to edge; new switching and remains in the original state.
states continued to nucleate and grow until the samples
were completely lined with domains. At this point If once again the crystal is rotated 900 about the
domains began to expand in the X2 direction (Fig. 5c) X1 axis, back to the initial stressing orientation, one
until finally the sample quite abruptly switched to its notes that the shape of the stress induced twins has
energetically lower twin state. Switch-over was changed. Instead of being stripes which grow along the
accompanied by an audible snap. X3 direction, the domains are pointed with an apex

angle of 900 and grow equally fast in both the X2 and
At room temperature, the stress required for X3 directions. After switch-over, no switch-back is

switch-over was 4.0 - 5.5 x 104 nt/cm
2
, once again observed.

depending on the crystal's past history. Continued
increases in the applied stress beyond the point of That the sample had indeed switched from one twin
switch-over had no further visible effect on the twin state to the other during these experiments was also
state of the crystal and no additional twin motion was verified electrically. The sign of the piesoelectric
observed. modulus dlll was measured prior to stressing the

crystal. Measurement after the crystal had been
When the pressure was slowly removed from samples observed to optically switch showed that the di11 co-

which were partially twinned, a switch-back process efficient had changed sign, indicating that the
occurred at stresses of about 2.3 x 10

3 
nt/cm

2
. The polarity of the XI axis had changed and that the

shape and orientation of the domain states associated crystal had truly switched.
with switch-back are quite different from the well
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At temperatures of 148*C and 208°C, the results terms in AsijklOijOkl/2 and simplifying, we obtain
for two different samples were similar to those 4s1123(al23 -02202j + 2012013) as the energy differ-
obtained at room temperature. Stripe-shaped twins ence between Dauphine twin states.
nucleated at an edge of the crystal and expanded in
the X3 direction until they extended from edge to edge. Thus the stress combination required to produce
At that point, growth in the X2 direction was observed ferrobielastic switching is 011o23 - 022023 + 2a12013.
until finally the crystals switched over to the alter- Whenever this combination is large, twin wall moton
nate twin state. No switch-back was observed when the may result. This expression has been evaluated for
stress was removed. This also was verified by measure- X-cut crystals assuming that the stresses lie within
ment of the sign of the piezoelectric modulus dI1I. the plane of the plate.

The only detectable difference in the results re- The coordinate system for X-cut quartz is shown
corded at 1480C and 2080C was a lowering of the in Fig. 6. Let 0 be a compressive stress along X, an
stresses required to nucleate twins and for complete arbitrarily chosen reference direction in the plane of
switch-over. At 1480C, twins began to appear at 1.20 the plate. V forms an angle a with respect to X and
x 104 nt/cm 2 and complete switch-over was evident at an angle w/2 - a with X2 , where X2 is the crystallo-
1.80 x l04 nt/cm2 . At 208°C, twins began growing at graphic [120) direction and X3 is [001]. KL the
1.12 x 104 nt/cm2 and complete switch-over was direction normal to the X-cut plate, is [0h]. Trans-
observed at 1.93 x 104 nt/cm2. forming the stress a into stress components a1, we

find that the switching stress Sombination 0123 -
At 3180C, twinning was observed to begin at 3.40 022023 + 2012013 is equal to -0 sin3 a coS a. From

x 103 nt/cm2 and the sample had completely switched this result it is apparent that stresses along X3
over at 1.28 x 104 nt/cmZ. However, stripe-shaped (a - 00) and X2 (a = 90*) are useless in promoting
domains no longer were evident. The domains bear a twin wall motion. The best orientation is a - 60. as
strong resemblance to those described in the switch- shown in Fig. 6, where 011023 - 022023 + 2012013 is
back process. The domain began at an edge and was plotted as a function of stress orientation. The solid
singular. As stress was increased, the domain grew as line shows the stress directions stabilizing one twin,
a volume with irregular shape and orientation and the dashed line the other. This means that compressive
moved continuously across the sample until complete stresses in the first and third quadrants favor one
switch-over resulted. There was no audible snap at twin, while orientations in the second and fourth
switch-over and no switch-back when the stress was favor the other. Thus, if the plate is untwinned
released, initially, only odd-quadrant stresses will produce

switching while even quadrant stresses further stabi-
Results obtained at 3550C showed twins which be- lize the existing twin state. These calculations are

haved similarly to those noted at 318*C. Domains were confirmed by the experimental observations.
initiated at a stress level of 2.27 x 103 nt/cm 2 with
complete switch-over occurring at 4.5 x 103 nt/cm 2 . The stress angle a = 450 was chosen to facilitate
It is interesting to note that the coercive stress has the crystal being stressed in both the forward and
been reduced, at these higher temperatures, to the reverse directions without having large differences in
point where, but for the temperature, a good hard pinch the stress levels. With a = 450, the stress required
with the fingers would be sufficient to induce twinn- to produce domain wall motion is increased only 232
ing. Clearly, this possibility should be kept in mind from that which is required for stresses oriented
during any high temperature processing of quartz for along the easiest direction (a = 600). Had a = 60°

resonator applications, been chosen as the initial stress direction, the
stress required for domain reversal (a - -30*) would

A comment should be made concerning the size of have been increased by 67%, possibly producing plastic
the stripe-shaped domains. While no concerted effort deformations and irreversible damage to the crystal
has yet been made to measure the size of each domain, which would not have been experienced in the inilial
an estimation of the density of twins across the face orientation. Thus, a - 450 is the most useful stress
of the sample would seem to indicate that the domain direction for the geometry utilized in this experiment.
width is between 2 - 20 pm. Since no judgement was
made concerning the depth of the field of view, it is It was observed that the bielastic domain walls
not known how deep the domains extend into the bulk of in quartz prefer to develop parallel to the X optic
the sample. It was observed, however, that domains axis. This domain wall preference can be explained in
appear to nucleate and grow in areas which are behind the following manner. Under stress, the domains in a
existing observed domains and hence the twins do not ferrobielastic react differently because of differences
extend continuously from surface to surface along the in the elastic moduli. For a given set of stresses
polar axis. Gk1 , the induced strain in the first orientation state

is 
1
Clj = lsijklOkl. In the second orientation state,

Discussion ihe same set of stresses produce strains 2"J =

sijkl kl. The strain mismatch A4 between domains
To explain the observed domain patterns in quartz is equal to lij - 2, -. (16ik l - Sijkl)lkl. All

we examine the free energy function for twinned mismatch disappe a when the a plied stress is zero.
crystals.5 Ferrobielastic switching is governed by It is also zero when the difference in compliance is
the term AsijklOijOkl/2 involving elastic compliances zero; however, this can only be true for certain
(Sijkl) and applied mechanical stresses (oij,Okl). a- directions in a ferrobielastic material. In quartz
quartz has six independent elastic compliance coeffi- the strain mismatch between Dauphin4 twins is:
cient: Sllll, 81122, B1133, 81123, 82323 , and s3333.
For a composite crystal ccntaining Dauphine twins AeII - 4 81123023
referred to a common set of axes, the sign of the co- t22 - -4 51123023
efficient s1123 is reversed for the two twin states.
The other five independent coefficients are not AC3 3 = 0
affected by Dauphine twinning. The active coefficient 23 - 4 s1123(O11 - 022)
81123 is symmetry-related to a number of others:

81123 ' 81132 = 82311 " 83211 = -82223 = -82232 - 6C31 - 8 91123012
-82322 - -s3222 ' s1312 = s3112 " s3121 8 s1213 ' 6C12 - 8 si123a31

s1321 - s1231 - 82113 - 82131. Substituting these
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of Fig. 6 is chosen, the angular dependence of the R. Laudise, E. Kolb, F. Welsh, N. Coda, J. Balascio,
strain mismatch in the X2 - X plane can be evaluated and N. Liss for supplying the quartz crystals. The
for the stress geometry used In this study. The result advice and assistance uf our colleagues at Penn State

is that a strain compatible direction other than along is acknowledged with gratitudi.-
X3 exists and is dependent on the stress anglE a. For

the stress angle a = 450, the direction of zero stress
mismatch is at an angle -64.43* in the X2 - X3 plane.
Nevertheless, no domains were observed with walls
parallel to this direction.

Since all strain differences are a function of the
elastic compliance element 61123 and since 1123 de-
creases with temperature to zero at the a-0 phase tran-
sition at 573°C, the induced strain incompatibilities
have virtually disappeared at temperatures near the
transition. The experimental results at 308

0
C indicate

that the compliance element s1123 has been sufficiently
reduced to allow domain walls to nucleate and grow in
nearly any direction.

Recall that the bielastic energy difference bet-
ween the two Dauphing twin states is also proportional •

to 81123. However, since the energy difference is
quadratic in stress while the strain mismatch is
linear, the strain mismatch evidently relaxes before
any pronounced reductions in bielastic switching
efficiencies are encountered. Even though 1123
approaches zero at the 573C transition, the energy
barrier which must be overcome to drive one domain WALL
state into its twin state also decreases and at a
faster rate. This is supported by the observation
that the stress required to initiate twinning decreases
with increasing temperature. Spontaneous Dauphin\
twinning on the microscale several degrees below the
573

0
C transition has been reported for many varieties

o f q u a r t z .
6  

S 4 5 I

At lower temperatures the twins expand with the
preferred wall direction parallel to X3. When the 0 Oxyv2
twins extend from edge to edge, they begi. to grow in 45111
the X2 direction and hence wall compatibility is re- 0
tained.

The phenomenon of spontaneous switch-back at room
temperature is probably due, at least "in part, to the
fact that the crystals ':ere produced hydrothermally Figure 1: The atomic structure of quartz in the region
below the phase transition. A structural bias was of a Dauphini twin wall. The wall is
probably established when impurities and dislocations pictured as being one unit cell thick,
were trapped by the lattice in such a way as to pin or although there is no direct evidence of
stabilize the original structural state. These serve this. Atom heights are expressed in units
as reservoirs of residual internal strains and when of 10-2 of a cell.
all external forces are relaxed, these strains give
rise to switch-back. At elevated temperatures, the
strains are evidently annealed out as the sample is
able to remain in the complementary twin state without
undergoing back switching.
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Figure 3: The pressure cell employed in these experi-
ments featuring tungsten carbide rams and a
sample chamber for sample loading and optical

observation.

Figure 2: The sample and stress orientations with re-
spect to the crystal axes. T pical sample
dimensions are 0.4x0.8xO.8 cm with the thin
dimensions parallel to the X I axis.
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Steel Ram - Cooling Water

Furnace Support

-~to Strain Gauge Indicator
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(a) (h)

(c)

Figure 5: Mechanically-induced ferrobielastic twins in quartz as observed
tnder stress in polarized light. At temperatures up to 208C

stripe-shaped twins nucleated at an edge (a) and expanded in the

X 3 direction; (b) with increasing stress until they extended frr.
edge to edge. At that point, growth in the X, direction and K

was observed until the crystal was comp]etelv lined with twins.

Additional force then caused the crvsta l to completely a;wltoh

over to the alternate twin state.
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Figure 6: The upper figure illustrates the coordinate system used to derive the switching stress combinstion
for an X-cut quartz plate X5 represents the stress (a) direction and lies in the CX2,X3)
plane; the angle a defines the angle formed between the stress direction end the X3-axis.
In the lower fgii~re is plotted the switching stress combination (a2sin3 C cos 0) as a function of
the angle a. The solid lines indicate directions btabilizing one Dauphini twin state, while the
dashed line represents directions stabilizing the other twin state. Notice that stresses directed
along either the X2- or X3-axis will be ineffective. The directions of mnaximum stabilization are
a -600 for one twin state and a -1206C for the other.
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HYDROTHERMAL SYNTHESIS OF ALUMINUM ORTHOPHOSPHATE

Ernest D. Kolb and Robert A. Laudise
Bell Laboratories

Murray Hill, New Jersey 07974

Summary temperatures (1
0
C every second day from 1330 to 1550C).

We felt that improved kinetics of crystallization

We have investigated extensions and modifications might result at higher temperatures and that the

of previous AlPO4 growth techniques, designed to over- decrease in solubility at highei temperatures might be

come the difficulties posed by the fact that the overcome by raising the pressure. Thus, we decided

temperature coefficient of solubility of AlPO4 is to investigate crystal growth in the range 1500 -

:.egative. On the assumption that solubility could be 340
0
C at pressures from "i,000 - 10,000 psi. In

improved even at higher temperatures provided pressure addition, techniques fo: continuous growth in a

was kept high, we investigated crystal growth in the temperature gradient and for the preparation of

range 150-32500 at 1,000-10,000 psi. The preparation nutrient were studied.

of nutrient material of large enough particle size

that it would not be convected in the hydrothermal Experimental

fluid and become included in the crystal posed a

problem. Successful techniques for the recrystal- Pt. lined MoreyT-type autoclaves were used since

lization of small particle AlPO4 by slowly raising the the solvent, aqueous H3PO4, suggested from Stanley's

temperature of a hydrothermal vessel are described. A work was felt to be reactive enough to require a

process for growth by slowly increasing the tempera- noble metal system. Seed frames, nutrient baskets,

ture of a saturated solution and a process for growth wire to support seeds, etc., were also Pt. Furnaces,

in a temperature gradient where the large particle external thermocouples, hot plate, heaters ana methods

nutrient is contained in a basket in the upper cooler of temperature measurement and control were similar

region of the autoclave are described. These processes to those previously describede for the hydrothermal

have been used to prepare crystals grown on seeds at growth of other materials so t.at only a brief out-

rates ip to 16 mil/da. line need be given here.

Introduction Autoclaves were 6.93" length x 1.25" diameter

(internal dimensions). They were placed on stainless

Aluminum orthophosphate I',AIPO, lithium steel hot plates heated by 900 watt Chrrnalox* strip

tantalate, LiTa03, and a quartz, Si0 2 , are the only heaters. Temperature distribution along the auto-

piezoelectric materials where a suitably-rotated plate clave was regulated by adjusting the depth of micaceous

of single crystal material can-provide an oscillator insulation in which it was buried. In addition,

with a very small frequency-temperature coefficient, temperature distribution along the autoclave was

Both LiTaO3 and Si02 have been extensively studied and regulated by the use of additional 300 watt Watlow!

evaluated and both find piezoelectric application, cylindrical band heaters strapped directly to the

The difficulty of preparing single crystals of AIPO, autoclave. The furnace assembly was surrounded by

and its comparatively rare occurrence as reasonably- fire brick and shielded by steel plates. Temperature

sized crystals (as the mineral Berlinite2) in nature sensing and control was by means of chromel-alumel

have inhibited its investigation and use as single thermocouples positioned along the autoclave. The

crystal material. The preparation of J. R. Stanley
3  

temperature controllers were L and N Electromax II+

and the unpublished work of W. R. McBride4 where proportional controllers which permitted either con-

Stanley's procedures were in general followed, were stant temperature or slow temperature increase

the only crystal growth studies known to us when we experiments. Temperatures as reported herein are for

began this work. externally strapped thermocouples but are probably
within ±5

0
C representative of internal temperatures.

We report here extensions and modifications of Pressures reported are those from Kennedy's
9 
p-V-T

Stanley's technique designed to o-ercome the diffi- data for pure water since no equations of state in

culties posed by the fact that the temperature co- the H 3PO system have been reported.

efficient of solutlity of AiPO is negative.

Stanley's data
3 

indicates solubilities of 3m/liter RESULTS AND DISCUSSION

in 6.1m (molar) H3PO4 at 145
0
C and 1i00 psi and 0.3m/1

at 245
0
C and -500 psi. Solubilities at ambient Preparation of Nutrient and Seeds

pressure are lower and at temperatures below 1 50OC

AlP04.2H20
5 
and other hydrates are stable. AIPO, is Small particle commercially available AIPC

isoelectrOnic and isostructural with a Si02 and (ALFA Crystal"
5 

and ROC/RJC***) is variable ,n

undergoes a phase change at ',5840 to the tridmyite stoichometry, ranging from A1-I0-2%; F 7-ibo5

form, so that a solution growth technique is indica- (AIPO, theoretical Al 22.121", P 2 .39%). Small

ted. Although flux growth might be considered, in

view of the success in growing large crystals achieved *Edwin L. Wiegand Co., Pittsburg, Pa. 15208

with other materials we viewed hydrothermal growth as **Alfa Products, Ventron Corp., P.O. Pox 2Q9, 1

most promising. Stanley used pyrex glass tubes as Andover Street, Danvers, Nass. 01923

containers and grew his best crystals by introducing ***Research Organic/Inorganic Chemical Corp., 5,!7-5lI

seeds into solutions cf NaA0 2 + HIPO reacted to Main Street, Bellville, N. J. 07109 (neither of the

form AIPO,. Growth had to be interrupted every two raterials gives x-ray powder pattcrns for AlPO,4.

days to replenish the solution. The temperature was they can only be viewed as convenient sources of A]

held constant at 1650C during the two-day grcwth 
and P in soluble form)

cycle over typical total periods of 50 days. In tWatlow Electric Mfg. Co., 1376 Ferguson Ave., St.

addition, Stanley grew crystals by slowly 
increasing Louis, Mo. 63141

ttLeeds and Northrup, North Wales, Pa., 19454
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particle nutrient can be swept along by the strong
convection in hydrothermal solutions and included in
grown crystals so that larger particle nutrient is TABLE1

desirable. A few grown crystals obtained from W. R.
McBride were cut up using a stainless steel wire saw Ru no. 228 2250 222 279 2292

and 600 grit SiC - H20 slurry but most seeds were pre- solent

pared by building up spontaneously nucleated crystals Vol 6.1 .1 6. 6.1 6.0
in several runs. Thus, a technique for large particle (Molar)
nutrient and large spontaneously nucleated crystal 8 11 82 82 82 80 81

preparation was needed. 6 36 36 36 36 4 Ps- .

Initial ISO 150 51 150 150

As mentioned above, the temperature coefficient 5e01.5 5

of solubility of AlPO4 is likely to be negative in Ft-1 300 250 276 278 275

the temperature-pressure range of interest. Thus, in Tet..-

any sort of temperature gradient (where the bottom of DEr.(T1oc 2-3 2-3 2-3 3- 1

the autoclave is hotter) AlPO4 would be expected to Heating 15 5 10 10 10
preferably nucleate in the bottom region. In the usual a-C/da

hydrothermal geometry, the bottom of the autoclave is rthenaldto otrCoohf .e Manual M.nua Motor Mctor Moor

hotter and the convection provides mixing so that rate ncr.
growth rates are never transport limited (except for Yeldin ,p .5 0 es65" 12.0 l 1. 76 1.

diffusion close to growing crystal interfaces). It 6 M_ 12.6 8 .1 1. .6 3 .5

would be preferable to maintain this geometry for Total yield 26.0 22.2 21.3 21.6 27.6

AlPO4, placing nutrient in the upper (cooler) region ?uion 13 23 16 15 15

of the autoclave. To do so, requires nutrient of In 0a.

particle size capable of being retained in a container
such as a relatively open mesh basket which does not
severely restrict solvent access to the nutrient. .dual step te dally

This is an additional reason for desiring large -60 eh - U.S. sieve site 0.25-

particle size nutrient and for the necessity of nutrient
preparation. Another important reason is to assure
stoichometric nutrient for subsequent reproducible significant effect on yield of >60 mesh nutrient.

growth studies. Thus, we decided to conduct nutrient Temperature difference (AT) was increased to 20
0
C with

preparation placing the starting powder in the bottom a reduction of yield, so that essentially isothermal
of the autoclave and maintaining either isothermal conditions (AT's only a few degrees) were judged best.
conditions or small temperature gradients along the Experiments with a negative AT (bottom of autoclave
autoclave. These conditions were obtained by placing colder than top) were attempted even though it was
the autoclave on a fire brick base and heating with felt that in the absence of convection growth would be
three equally spaced band heaters, small. A AT of (-) 1-200 produced a low yield

(%5 gins) of >60 mesh nutrient. The yield was not
In initial experiments, fine powder commercial strongly dependent on fill between 80 and 82%,

AlPO was placed in the bottom of Pt-lined autoclaves although there was a slight reduction in preliminary
and the autoclaves were filled to 80% of their free experiments at 83%. In R2250, the heating rate was
volume with 6.1m HSPO.. The autoclaves were rapidly halved, the yield >60 mesh was essentially unchanged
heated to 150

0
C and then steadily raised to 2750 at a with the result that the yield/unit time of the experi-

rate of 10
0
/day. The temperature difference between ment was greatly reduced so that reduced heating rate

bottom and top of the autoclave was 2-30 with the bottom experiments appeared unprofitable.
hotter.

In R2248, both the heating rate and the final
The amount of AlPO4 added was believed to produce temperature were increased with an obviois increase in

an undersaturated solution at the beginning of the yield >60 mesh and an increase in yield >60 mesh/unit
heating cycle. The product obtained greatly increased lime of the experiment. A series of runs were made
in particle size and in all cases gave X-ray and chemi- where the temperature was increased continuously with
cal analysis for stoichometric AlPO. Usually a number an appropriate clock-driven mechanism. Run 2279 is
of 3-4mm spontaneously nucleated crystals were attached representative of these experiments and as can be seen
to the autoclave wall. Due to the retrograde solubility the yield >60 mesh is improved.
of AIPO., it was necessary in both nutrient preparation
and seed growth runs to quench the autoclave in cold In a series of runs in which R2292 is representa-
water, from the final operating temperature to room tive, the H3PO4 soluticn was presaturated at room
temperature, and to remove the products immediately temperature with AIPO.. As can be seen, a possible
so as to prevent redissolving. A series of runs to slight increase in yield of >60 mesh product results.
explore conditions for maximum yield of large particle
product was made, some of which are summarized in From the above, the best conditions for nutrient
Table 1. and spontaneously-grown seeds were chosen to be the

conditions of R2292. In most of the above runs a few

Yield in Table I is reported as yield of product larger (3-4mm) spontaneously nucleated crystals
greater than 60 mesh and as yield of product less than suitable for preliminary seeds were produced. Figure 1
60 mesh, since only AlPO4 with a particle size >60 mesh shows spontaneously nucleated seeds on the left and
was found appropriate to be contained in baskets for >60 mesh nutrient *on the right.

later crystal growth studies.

In the initial stage, the conditions of R2262 Growth on Seeds
were considered standard. Temperature was increased
manually in a stepwise manner daily. A number of runs Spontaneously nucleated seeds and oriented seeds
(not shown in Table 1) were made at these conditions cut from grown crystals were mounted on a Pt frame
and the yields of nutrient >60 mesh were in all cases which was placed in the bottom (hotter) region of an
from 9-11 gms. Fill was varied from 80-83% with no
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autoclave and nutrient (>60 mesh particle size) Acknovleaments
prepared as described above was placed above in a Pt
basket (Figure 2) in the upper region. Thus, the We gratefully acknowledge the receipt Of AlPO4
seeds were in a hotter supersaturated region of the seeds crystals from Dr. John Vig, U. S. ArMs Electro-
autoclave and the temperature gradient (hot on bottom) Ate@ CoUand, Ft. Monmouth, N. J. and Dr. W. R.
was still arranged so as to allow convection. *c3ride of the Naval Weapons Center, China Lake

California. Also, we acknowledge the able technical
In experiments, where the temperature difference assistance of A. J. Caporaso who conducted the hydro-

was more than u30 (nominally isothersal conditions) thermal experiments. We also thank R. L. Barns for
the autoclaves were placed on a hot plate and heated help with seed orientation.
from below with AT adjusted with one band heater in
the top region. The isothermal experiments were con-
ducted with the heater configuration previously References
described.

1. Y. P. Chang, G. R. Barech, IE E Trans. on Sonics
Growth by Slow Heating and Ultrasonics 23 (2), 127, March 1976 see also

A. Jhunijhunwala, J. F. Velelino and J. C. Field,
Using 6.1m HSPO, V0 gm of nutrient always J. Appl. Phys., 48 (3) 887, (1977).

>60 mesh, a series of runs was made where the
temperature was increased continuously. The preliminary 2. The System of Mineralogy, C. Palache, H. Berman and
optimum conditions for growth were found to be 80-82% C. Frondel, Wiley, N. Y. Vol. II p. 696 (1970).
fill with a temperature increase of 2ft/da from 150 to
180*C. The growth rates were determined by measuring 3. J. M. Stanley, Ind. Engr. Chem. 46, 1684 (1954).
the increase in dimensions along the a axis of crystals
which had already capped with (01-1) faces. Rates as I. W. R. McBride, Dept. of Navy Weapons Center, China
high as 16 mil/da were observed. Geometric considera- Lake, California, private communication.
tions allow the rate on a (0111) seed to be calculated
as 16 mil/da cos 6 where 8 = 680 41' the angle between 5. E. Z. Arlidge, V. C. Farmer, B. D. Mitchell, and
(011-1) and the (0001), thus the (01i) rate is '-6 mil/da. W. A. Mitchell, J. AppI. Chem. 13, 197 (Jan. )1973.

6. L. H. Cohen, W. Klement, Jr., Amer. Mineral. 58,
remi erature Differential (AT) Growth 796, (1973).

Using 6.1m HsPO4 1- 20gas cf >60 mesh nutrient, T. G. W. Morey and P. Niggli, J. Amer. Ceram. Soc. 3.
a series of seeded runs were made to effect growth 1086, (1913).
where supersaturation was provided by a temperature
differential. Fills between 70 and 83% were investi- 8, The Growth of Single cristals, R, A, Laudise,
gated. Growth rates were reduced at 83% and seeds Prentice HIll Inc,, Sec, 7T,3 p, 2T5ff (1970).
tended to be lost by dissolution at 70% so that 80%
fill seemed optimum. Growth temperatures between 9. 0. C. Kennedy, Amer, J. Sci. 248, 540 (1950).
2000 and 300

0C were used. AT's were 500 except in

one 250AT experiment where the seeds dissolved during
the warmup. Growth rates varied between 3 and 7 mils/
da at 250 and 3000 and were much reduced at 2000.
Thus, in preliminary AT experiments growth rates
approaching the useful range have been obtained under
conditions which should provide continuous growth.

From the above, we can see that both growth by a
temperature increasing method and growth by a tempera-
ture gradient (AT) method can be used to prepare

AlPO.. single crystals. The advantage of the AT method
is that the amount of material to be deposited is not
limited to the amount present in solution. Typical
grown crystals are shown in Figure 3.

Conclusions

Techniques for the preparation of large particle
AlPO nutrient have been developed as have techniques
for preparing spontaneous nucleated seeds for pre-
liminary growth experiments. Seeded, growth both by
(1) slowly warming a saturated solution and by (2)
transport. from cooler large particle nutrient
contained in a basket in the upper region of an auto-
clave, to seeds in the lower region have proven
feasible. Growth rates as high as 16 mil/da have been
obtained. Thus, processes for the growth of AlPO, by
hydrothermal means, including continuous growth without
need for replenishment of solution seem practical. The Figure . - Recrystallized AlPO4 nutrient > 60 mesh
visual quality (when seed quality is good and mounting and larger spontaneously nucleated
wires do not interfere) can be good. crystals.
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Figure 2 -Schematic of platinum-lined Morey vessel
showing Pt baslwet, frame, nutrient, seeds
and crystals.

Figure 3 -Extreme left, two AlPO,, single crystals
grown on cut (0001) seeds. Center, large
unused cut (0001) seed followed by small
spurious nucleated seed. Extreme right
view, large AlP04 crystal after five suc-
cessive growth generations on a spuriously
nucleated seed similar to sample on left.



TEMPERATURE COMPENSATED CUTS OF BERLINITE AND O-EUCRYPTITE FOR SAW DEVICES

lit Robert M. O'Connell and Paul H. Carr
Deputy for Electronic Technology, Hanscom AFB, MA

Abstract along both singly rotated and doubly rotated orienta-
tions. This paper will review the results of those

Calculations of the surface acoustic wave (SAW) calculations, consider their significance for SAW applil-
properties of berlinite (AIPOi) and O-eucryptite cations, and briefly compare them with results obtained

(0-LiAlSi04) show that both materials are temperature with other materials being studied.
compensated along both singly rotated and doubly rotat-
ed orientations. Berlinite

For berlinite, several orientations combine zeroelecromchaicalpowr fow agle wih moe tan our The procedure used to calculate surface acoustice lectromechan ica l powe r flow ang les w ith more than four w v r p r i s h s b e e c i e e o e , , . I e

times the piezoelectric coupling of ST cut quartz. The wave properties has been described before
6
,,

8
. It no-

best singly rotated orientation is a direct analog of quires, for the material being studied, experimental
the ST cut of quartz. This cut has, like ST quartz, a constants, their respective temperature coefficients,
zero electromechanical power flow angle, but the dis- the density, and the coefficients of thermal expansion.
tinct advantage of more than four times the piezoelec- the density, and the co r anson
tric coupling. Even more promising are the results ob- In the calculations reported here, the constants for
tained for two doubly rotated cuts which combine all berlinite were all taken from the data of Chang and

the advantages of the singly rotated cut with the added Ba-sch

feature of better diffraction properties than ST cutquartz. Initial results showed the, berlinite indeed has
temperature compensated cuts with more than four times

For O-eucryptite, a singly rotated orientation has the piezoelectric coupling of ST cut quartz
6
. However,

a SAW velocity of 3662 m/sec and almost twice the piezo- none of those initially reported cuts had a zero elec-
electric coupling of ST cut quartz, but the disadvan- tromechanical power flow angle, a desirable property

tage of an electromechanical power flow angle of 18 de- characteristic of ST cut quartz. Subsequent calcula-
grees. On the other hand, a doubly rotated orientation tions produced two singly rotated cuts and two doubly
has a zero electromechanical power flow angle, but only rotated cuts, all of which have zero electromechanical
half the piezoelectric coupling of ST cut quartz, power flow angles 

7
. The most promising of the singly

The results for berlinite show that it represents rotated cuts is the X axis boule 80.tw cut, a direct

an attractive alternative to quartz for use in broad- analog of the ST cut of quartz. The two cuts are com-

band. low insertion loss SAW devices. The relatively pared in Table I. Note that the piezoelectric coupling,

low piezoelectric coupling of O-eucryptite makes It un- AV/V , of the X-axis boule 80.40 cut is more than four

attractive for broad-band, low insertion loss applica- times as large as that of ST quartz, a distinct advan-

tions, but its relatively large SAW velocity indicates tage. Other calculations have been made to investigate
that it may be useful in high frequency applications. the behaviour of pseudo surface acoustic waves on bar-

Iinite9.

Introduction Table I also shows that the slope of the power flow

angle, tp0/e, is larger for the X axis boule 80.40 cut of
The desire to develop improved broad-band, low in- berlinite than it is for the ST cut yt quartz. Accord-

sertion loss SAW devices with temperature independent ing to the theory of SAW diffraction u, this means that

performance characteristics has resulted in a search for ST cut quartz has better diffraction properties than the
substrate materials that are temperature compensated and X axis boule 80.40 cut of berlinite. The desire to find
have piezoelectric coupling greater than that of ST cut temperature compensated cuts of berlinite having better
quartz. A major contribution to the search for such diffraction properties than the singly rotated 80.40 cut

materials has been the development of a phenomenological motivated consideration of doubly rotated cuts. In par-
model

I 
which explains why known materials are tempera- ticular, the 4 - 90.0 plane of an orthogonal coordinate

ture compensated. According to that model, tempera- system having the three Euler angles X, 0, and e as its
basis was carefully searched. The h - 90.0 plane was of

ture compensated materials possess either of the follow- particular interest because it contains four of the stan-
ing anomalous properties: (1) a positive temperature dard crystallographic cuts, including the X cut and Z
coefficient of velocity or elastic constant or (2) a axis cylinder, for which temperature compensated orien-
negative coefficient of thermal expansion. Quartz, for tations were found earlier.
example, is temperature compensated

2 
because the temper-

ature coefficient of C66 , the elastic constant for shear The results are shown in Figure I. The dashed and

propagation along the Z axis, is positive
1
. solid curves represent, respectively, the loci of Euler

angles for which the electromechanical power flow angle

Because quartz is temperature compensated, recent and the temperature coefficient of time delay are zero.

attention has been focused on certain quartz derivatives. As can be seen in the blown up portion of the Figure,
Two of these materials, berlinite (AlP04 ) and -eucryp- the loci intersect in a total of twelve places through-

out the plane. Because of crystal symmetry, however.tite (O-LiAISi0 ), are particularly interesting because
they each satisfy one of the criteria of the above- only two of the points are independent, and those cir-

mentioned phenomenological model. Berlinite has, like cled in Figure I are listed in Table I. Notice that
quartz, a pisitive temperature coefficient for C66 , the while they have about the same piezoelectric coupling

elastic constant for shear propagation along the Z axis, as the singly rotated 80.40 cut, the slopes of their

has a negative coeffi- power flow angles are smaller than those of either the

e t tof on e o n in the direction of the hex- 80.40 cut or the ST cut of quartz, giving them the
oent therml expansion exa added advantage of less diffraction spreading.

Recent calculations of the surface acoustic wave S-Eucryotite

properties of berlinite and O-eucryptite have shown To calculate the SAW properties of 0-.ucryptite,
that both of these materials are temperature compensated coefficients of thermal expansion were obtained fro.
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the data of Hummel4 and Shulz
5
, and dielectric constants 20 to 30 percent larger than the previously determined

were obtained from the data of Bohm, . Values for the values
1 7

. All these results indicate that berlinite
elastic and piezoelectric constants and the density appears to be a better substrate material than quartz,
were obtained from the data of Barsch and Spearl

2
, which and as good quality supplies of the materical become

were measured on samples of 0-eucryptite grown at available, it will be attractive for use in broad-band,
Pennsylvania State University. Figure 2 shows the varl- low insertion loss surface acoustic wave devices.
ation of SAW velocity, electromechanical power flow
angle, piezoelectric coupling, and temperature coeffi- O-Eucryptite has also been shown to be temperature
cient of time delay for the X cut, for which a singly compensated, and this lends further credence to the
rotated temperature compensated orientation was found phenomenological model

1 
which helps predict which

at 690. Table I shows that although the piezoelectric materials may be temperature compensated. The piezo-
coupling for this cut is almost twice as large as that electric coupling of O-eucryptite is relatively poor,
of ST quartz, it has the disadvantage of an 18 degree however, and it does not appear to be as attractive for
electromechanical power flow angle. broad-band, low insertion loss applications as berlinite;

however, because of its relatively large SAW velocity,
As was done in the case of berlinite, doubly ro- it may find use in high frequency applications.

tated cuts were considered also, and a temperature com-
pensated cut having a zero electromechanical power flow Berlinite and 0-eucryptite are shown on the state-
angle was found in the X = 0.00 plane, as shown in of-the-art diagram in Figure 4, along with the other
Figure 3. As can be seen in the Figure, the loci inter- materials discussed above. Clearly, the search for
sect in a total of four places throughout the plane. high coupling temperature compensated materials has
Again, because of crystal symmetry, only one of the produced some attractive results, and it promises to
points is independent, and it is listed in Table I produce more. No single one of these materials is per-
where it can be seen that, unfortunately, the piezo- fect for every SAW application, but together they in-
electric coupling of this doubly rotated cut is only crease the variety of choices available to the design
about half as large as that of ST quartz. Perhaps the engineer and, most importantly, they remove the need to
,nost attractive feature of this material is that It has use lithium niobate with its associated ovens for broad-
the highest SAW velocity of all the temperature compen- band, low insertion loss devices, for which ST quartz
sated materials listed in Table I, 3662 m/sec. is not adequate.

Other Temperature Compensated Materials References

The sulfosalts are a class of materials of the fom I. R.E. Newnham. "Elastic Properties of Oxides and the
T13BX4 , where B can be V, Nb, or Ta, and X can be S or Search for Temperature Compensated Materials."
Se. Recent calculations have shown that at least two AFCRL Report No. TR-73-0220, Contract No.
of these materials are temperature compensated with sig- F19628-73-C-0108. 1973.
nificantil larger piezoelectric coupling than
berlinite 3.1 

. 
One particular cut of TI3 VS4, for ex- 2. M.B. Shulz, B.J. Matsinger, and M.G. Holland,

ample, has four times the piezoelectric coupling of "Temperature Dependence of Surface Acoustic Wave
berlinite

13
. As shown in Table I, however, this cut Velocity on sQuartz," J.Appl.Phys., Vol 41,

has the disadvantage of a rather large electromechanical pp 2755-2765, 1970.
power flow angle, about -17 degrees. Another cut of
the same material and one of TI3 Ta Se4 , having zero 3. Z.P. Chang and G.R. Barsch, "Elastic Constants and
electromechanical power flow angles, have also been Thermal Expansion of Berlinite," IEEE Trans.on
found'

5
. As the data in Table I shows, the piezoelec- Sonics and Ultrasonics, Vol. SU-23, pp 127-135 1976.

tric coupling of these cuts is not as large as that of
the first cut discussed, but it is still more than twice 4. F.A. Hummel, "Thermal rxpansion Properties of Some
as large as that of berlinite. The table also shows Synthetic Lithia Miner-Is," J.Am.Ceram.Soc. L4,
that the SAW velocities of the sulfosalts are only about 235 (1951).
1/3 as large as that of berlinite. This Is a disadvan-
tage for high frequency applications, but an advantage 5. H. Schulz, "Thermal Expansion of Beta Eucryptite,"
for long delay lines and low frequency SAW filters. J.Am.Ceram.Soc. 51, 313 (1974).

A composite material, consisting of a film of sill- 6. P.H. Carr and R.M. O'Connell, "New Temperature Con-
con dioxide on lithium tantal ae, has also been shown pensated Materials with High Piezoelectric Coupling,"

16 Tis material has, as Proc. of the 30th Annual Symposium on Frequencyto be temperature compensated
t

, Thismtra aa

shown in Table I, a very small electromechanical power Control, pp 129-131, June 1976.
flow angle, a piezoelectric coupling of about .007, and
a relatively large SAW velocity. The most attractive 7. R.M. O'Connell and P.H. Carr, "High Piezoelectric
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M SLOPE OF SAW
MATERIAL ORIENTATION EULER ANGLES ANGER FLOW POWER FLOW av/Vo VELOCITY
QUARZ e ANGLE (DEG) kNGLE (a/ol) (x 102) (m/sec)

(Si02)ST CUT 0 132.75 0 0.0 i 0.378 0.058 3158

BERLINITE X AXIS BOULE 80.40 0 80.4 o 0.0 0.901 I 0.245 2751
(Al 4 %

DQROUBLY ROTATED, A 76.8 90 11.5 0.0 0.372 0.250 275

DOUBLY ROTATED, B 79.7 90 15.5 0.0 i 0.221 0.247 2758

t-EUCRYPTITE X CUT 690 90 90 69 18 0.100 3662
(0-LAISiO,) 4)-" . 0 3.

* DOUBLY OTATED 0 57 62 0.0 0.32 0.035 3258

Ti3VS4 (110) CUT 700 -45 90 70 -17 -- 1.0 900

(110) CYLINDER 240 45 24 90 0.0 0-- .617 1010

TITS (110) CYLINDER 540 45 54 go 0.0 -" 0.508 879

5i0 2/LiT&O 3  Y CUT, Z PROP 0 90 90 0.0 -- 0.7 3455

TABLE I. TEMPERATURE COMPENSATED CUTS OF VARIOUS MATERIALS
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CCD RECURSIVE FILTER FOR MTI APPLICATIONS*

William L. Eversole, Walter H. Bailey, Patrick L. Ham
Texas Instruments Incorporated

Dallas, Texas

Summary Since a CCD delay line samples the input signal at the
clock rate, the sampling rate, fs, is equal to the

The evolution of charge coupled devices (CCDS) has clock rate, fc, and this determines the Nyquist band-
provided the system designer with a new arsenal of de- width. The stability criteria for CCD recursive filters
sign tools. The simplest CCO building block, the CCD is the same as any sampled data filter in that all poles
delay line, offers the designer an electronically con- must lie inside the unit circle of the Z-plane.
trollable solid state analog shift register. This
paper discusses the uses of CCD delay lines for recur- CCDs have performance limitations, two of which
sive filtering and the application of the recursive are imperfect charge transfer efficiency and leakage
architecture for NTI filtering for radars. Some of the current. The effect of charge transfer efficiency (CTE)
limitations of CCDs are discussed along with methods of on the transfer function for a N-stage CCD delay line
overcoming some of these limitations. is to multiply the ideal delay, Z-N, by a dispersion

factor:2

Introduction D - N  
(3)

Radar video processing is an area where signifi- D(Z) =IZ.j
cant improvements in radar performance may be achieved
by exploiting recent technology advances. The general where c is the charge loss per stage. Imperfect CTE
radar video processing problem is outlined in Figure 1 can change the filter characteristics.'
which shows returns from the kth range bin which in-
clude an aircraft, wind driven precipitation, and ground Thermal leakage limits the maximum time delay which
returns The spectrum of the returns for the kth range can be achieved by CCDs.6 The leakage current adds to
bin between DC and the PRF is also shown in this figure. the signal charge and the size of the signal must be
These typical spectral characteristics indicate the reduced to avoid saturation of the CCD potential wells.
desireability of some form of target classification This reduces the dynamic range of the CCD. Since leak-
based upon spectral characteristics rather than upon age current increases with temperature, applications
amplitude alone. where long time delays are needed may require tempera-

ture control.
One approach to target classification is the Moving

Target Indicator (MTI). The purpose of the NT! is to NTI Applications
reject signals from fixed unwanted targets, such as
buildings, trees, etc., and retain for detection the One of the most important applications for CCD re-
signals from moving targets such as aircraft. The MTI cursive filters is the delay canceller in MTI radar.35 ,6

is a sampled data filter and can he implemented with In radar systems, the returns from the stationary or
CCD delay lines. The degree of sophistication of MTI slowly moving targets are frequently larger than the
filters varies from simple single delay feed-forward returns from moving targets, therefore a moving target
cancellers to multi-pole recursive filters, indicator, NTI, is needed to either enhance the signals

from the moving targets or suppress stationary target
CCD Recursive Filter returns. Since clutter or stationary targets are

characterized by zero doppler shift, their returns are
In charge coupled devices (CCDs) the analog input periodic spectra at DC and multiples of the PRF, while

signal is sampled and stored as discrete analog pacKets moving targets have returns shifted by their doppler

of charge and hence ideally suited to a numer of frequencies. Figure 1 shows the relation between
sampled-data signal processing functions. Recursive clutter and a typical moving target. Because this
filtering architecture is advantageous over transversal filtering must be performed on up to a few thousandfiltering when s sharp transition bandwidth is required range bins simultaneously. recursive filtering is

in the frequency characteristic or where a large amount attractive. This recursive filter can be realized using
of time multiplexed data is to be filtered. digital approaches but the cost and complexity of analog-

to-digital conversion may be prohibitive. Acoustic
A general Nth order recursive filter has the trans- delay lines can be used to implement the delay stages

fer function:1  in the recursive filter transfer function but controlling
the delay time accurately is a problem. Charge coupled

N device (CCD) signal processing eliminates these problems
I aIZ-i of the digital and acoustic delay line approaches to

H -(z) = recursive filters. CCDs take advantage of the precise
N ( timing of digital processing techniques without the
I biZ-i requirement for analog-to-digital conversion. The

i-0 stability of the CCD filter characteristics is determined
by precise delay times which are achieved by synchro-

CCD can he used to implement the delay term, Z-i , nously clocking the CCD from signals derived from the
in equation 1. The delay of an N-stage CCD delay line radar's master clock.
clocked at fc is

Td - N/fc (2)

* This work is supported by ECOM under contract DAAB07-76-C-0912.
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The radar characteristics Impose several require- Because of the coercial availability of CCO delay
mnts on the NT! filter in addition to rejection of lines, many mor recursive filter applications can be
clutter while passing mving target returns without realized. Also. as more work Is directed towrd inte-
distortion. The bandwidth and sampling frequency of grating the peripheral circuitry the cost, power and
the NTI filter are determined from the radar pulse weight of system will go down while the performance
width, T, which also determines the range resolution, will increase.

B 1 (4) References

Sampling Frequency fs a (5) 1. L.R. Rabiner and B. Gold, Theory and Application
of Digital Signal Processing, Prentice-nail, 1975.

Range Resolution 6R (6) 2. O.0. Buss, A.F. Tasch, Jr., and J.B. Barton,RApplications of CCDs to Analog Signal Processing,"
Since range resolution is determined by the radar lntersctence. (To be puitlished).

pulse width, T, high range resolution dictates small
radar pulse width, which increases the sampling fre- 3. J.E. ounden, R. Eams, and J.B.G. Roberts, 'NT!
quency, fs. The saling frequency determines the Filtering for Radar with Charge Transfer Devices",
nunber of delay stages, N, needed in the CTD. Proc. CCD Technology and Applications Conf., pp

N = fs Td (7) 206-213, Edinburgh, September 1974.

4 A.F. Tasch, Jr., R.W. Broderson, 0.0. Buss, and
where Td is the total delay of the CCO (Td = PRI). R.T. Bate, Drk-Crre n oei Con
From this equation, it is seen that increased sampling siderations in Charge-Coupled Devices', Proc. CC

frequency requires longer delay lines for a given PRF. Alications Conf., pp 179-187, San Diego, Sept.

If long CCD delay lines are used, the dispersion caused 973.
by imperfect CTE of the analog signal could yield un-
desired responses due to uncancelled residues from 5
stationary targets. Rather than using long delay lines, 5 uter, ngee n, "odbrg,-
the radar return can be demultiplexed into several Puckette, IV., and H. Lobenstein, "Charge-

filrers.n en usingdemut tplexed appoerac, Transfer Analog Memories for Radar and ECM
parallel fSystems, IEEE S. Solid-State Circuits, SC-1I , pp
the number of delay stages for each delay line is re- 93-100, February 1976.
duced by 1/M where M is the number of parallel filters.
A block diagram of a multiplexed system using fourth 6. J.E. Bounden and N.J. Tomlinson, "CCD Chebyshev
order filters is shown in Figure 2. Filter for Radar MT! Applications", Electronics

Experimental Results Letters, 10, pp 89-90, April 1974.

A four pole, five pulse M4TI canceller has been
constructed using 150 bit, 2 phase N-channel CCDs. The
MTI filter is a cascade of two second order recursive
sections and has transfer function given by:

(lZ-1)4
H(z)= (8)(1-o11Z

1 _ct2 Z-2 )( -a12Z
" -a22 Z

2)

A block diagram of the filter is shown in Figure 3. The KTm RANG BIN PRECIPITATION
feedback coefficients were calculated to provide the
filter with a Butterworth response. The feed-forward
and feedback coefficients are implemented with variable
gain operational anlifiers. The filter also has
electronically selectable cutoff frequencies implemented
with analog switches and resistors. A photograph oF the
frequency response is shown in Figure 4. The responses LAND
at zero frequency are due to the zero frequency marker (A)

in the spectrum analyzer. The response of the MT!
filter to two different frequencies is shown in Figure
5. The top photograph of Figure 5 shows the spectrumof the input to the NT! filter. There are two frequen- RAIN BEANI

cies present, one in the passband of the filter, the RAIN
other one at the PRF. The bottom photograph shows the
output of the MTI filters with the frequency in the TARGET
passband still present while the frequency at the PRF
has been cancelled. A

(B) 0
Conclusions

The application of CCD delay lines to recursive
filtering has been described. A four pole NTI filter
with electronically selectable cutoff frequencies and Figure 1
a cancallation ratio of 40 dB has been discussed.

Relationship Between (A) Radar Operating Environment
and (B) Spectral Characteristics
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UNWANTED MODES IN MONOLITHIC CRYSTAL FILTERS

G. T. Pearman and R. C. Rennick
Bell Telephone Laboratories, Incorporated

Allentown, Pennsylvania 18103

Summary Introduction

In designing an AT-cut quartz thickness- Monolithic crystal filters--indeed all
shear/twist monolithic crystal filter, three filters-- have three frequency bands of in-
frequency ranges must be considered: the terest: the pass-band, the stop-band, and
pass-band, the transition-band, and the stop- the transition-band. This paper will not
band. This paper is not concerned with the be concerned with the pass-band but instead
pass-band which is controlled primarily by will deal with the effects of unwanted modes
the tolerance placed on resonator frequencies on the stop- and transition-bands of mono-
and inter-resonator couplings. Instead, the lithic crystal filters. Methods of minimiz-
design considerations for realization of the ing these effects will be presented.
transition-band and stop-band performance
will be discussed. An eight resonator, AT-cut monolithic

crystal filter of the type pictured in Fig-
The order of the filter (number of res- ure 1 will be used as an example throughout.

onators) will determine the ultimate per- This filter has a center frequency of about
formance in the transition-band and stop- 8.150 MHz and a nominal 3 dB bandwidth of
band if the design does not employ trans- 3.25 KHz. The z'-axis is used as the cou-
mission zeroes. But if this performance is pling direction (the long plate dimension)
to be realized, the designer must deal with with the x-axis (digonal axis) being along
the unwanted modes of vibration in the mono- the plate width. The nominal inductance is
lithic crystal filters. 30 mH although, as can be seen in the photo-

graph, some resonators are designed to vary
Unwanted modes in a monolithic crystal by as much as + 10%.

filter can be classified into two general
groups: the trapped inharmonic modes of For purposes of discussion, the unwanted
thickness-shear/twist and the overtones of modes are classified into two groups: first,
what are called plate modes in this paper. the trapped inharmonic overtones of thick-
The first group of modes occur at frequen- ness-shear/twist and, second, what are called
cies between the plated resonator frequen- plate modes. These latter modes consist of
cies and the unplated plate frequencies and the overtones of flexural, face-shear, and
are affected to a great degree by the reso- extensional vibrations. The insertion-loss
nator dimensions. The second group consists versus frequency scan of a filter shown in
of flexure, face-shear, and extensional Figure 2 illustrates the effects of these
modes which depend primarily on the plate modes. The sharp resonances occurring im-
lateral dimensions rather than on the res- mediately above the pass-band are the in-
onator shapes. These modes occur at many harmonic modes. The discontinuity seen in
discrete frequencies and, although they are the lower transition-band is due to a plate
usually weaker than the trapped inharmonic mode.
modes, it is shown that they may seriously
degrade the filter performance. Shown in Figure 3 is the insertion-loss

versus frequency performance of a monolithic
A method of designing a resonator array crystal filter having eight identical reso-

for minimizing the response level of the nators. The photographs are X-ray topographs
inharmonic modes will be described. This of a portion of the filter. The dark regions
method relies on predictions of individual are those areas where the crystal lattice i&
resonator inharmonic responses as well as vibrating. These modes can be grouped acccit-
those predicted for the total structure. ing to the number of half-wavelengths in thv
These predictions will be compared with data width and length directions under the indi-
obtained from actual models made using sev- vidual resonators. For example, the strong
eral different eight resonator arrays. group of modes at 8.290 MHz are the (3, 1)

modes--three half-wavelengths in the width
The effect of plate modes, especially direction and one half-wavelength along the

in the transition-band, will be shown for length. Modes such as those around 8.408
these same models. The identification of MHz are a type of untrapped inharmonic mode.
the plate modes can be difficult in practice These modes are suppressed when non-iden-
due to the large number and relative weakness tical resonators are used in the resonator
of the responses although estimates can be array.
made using standard references. Methods of
identifying these modes will be illustrated. Since the'inharmonic modes occur at
Experimental results are found to be in good frequencies which are partially determined
agreement with calculations by T. R. Meeker. by the electrode dimensions, the response
Once the modes have been identified, it will levels can be minimized by properly design-
be shown how the designer can control the ing the array. As graphically demonstrated
effect of these modes in the frequency range by this particular filter design, the use
of interest. of identical resonator shapes is not the

proper design. In fact, the use o--varied



resonator shapes having no inharmonic re- of flexural, face-shear, and extensional
sponses occurring at commoin frequencies modes. They occur at nearly harmonically
proves to be the simplest method of achiev- related frequencies both above and below the

ing good inharmonic suppression. Briefly, pass-band. When one or more of these modes

the technique is as follows. The inharmonic fall near the pass-band of a filter, dis-
mode frequencies of a variety of individual tortion in the transition-band can result
resonator shapes are calculated from a theo- as shown in Figure 8. Rather than rising

retical model which neglects any effects of monotonically as expected from the filter
flexure. This is done on a resonator-by- design, a "rolling-off" is seen in the lower
resonator basis. From these calculations, transition-band of the filter. This example

resonators are chosen for the filter array is a rather extreme one. In many cases, the
avoiding any mode frequency coincidences, presence of an interfering mode is not so
Using the same theoretical model, the inter- evident--the roll-off is less noticeable
resonator spacings necessary to achieve the although still present.
correct couplings are then determined. Fi-
nally, the inharmonic mode spectrum of the Whereas the inharmonic modes have fre-
total array is calculated. quencies which are strongly affected by the

resonator shapes, the plate modes are rela-
The technique is illustrated with the tively insensitive to these shapes. Instead,

following example. In Figure 4, "tic marks" their frequencies are determined primarily by
indicate the frequencies of the three types the lateral dimensions of the plate. Hence
of trapped inharmonic modes for the eight the designation, "plate modes"--and the key
individual resonators of the filter seen in to the solution of the problem.
Figure 1. The numbers under the marks rep-
resent an order of the electrodes in this The existence of these modes is illus-
array. Resonators 1 and 6 are identical trated in Figure 9. The insertion-loss
in this example and so have the same mode versus frequency characteristics of this
spectra. Several frequency coincidences same filter over a three plus MHz range are
between modes can be observed, shown. A great many modes are found, the

strongest of which have a 74 KHz spacing.
After determining the required inter- Note that these modes are very weak, being

resonator spacings, the mode spectrum of suppressed around 70 dB relative to the in-
the resultant array is calculated. The band loss. Nonetheless, when they happen
frequency spectrum of an actual filter of to fall close to the pass-band, they cause
this design is shown above the calculated transition-band distortion.
spectru:.. The coincidence in frequency of
the two modes at 117 KHz above center fre- That the cause of transition-band dis-
quency results in a very strong mode--that tortion is an interfering plate mode becomes
mode where the two dashed lines meet. Fig- even clearer in Figure 10. In this inser-
ure 6 shows the insertion-loss versus fre- tion-loss versus frequency scan the fre-
quency scan of a filter of this design. quencies of a series of modes below the
There is good agreement between the calcu- pass-band are marked. If 74 KHz is added
lated mode spectrum of Figure 5 and the to the 8.076 MHz of the mode closest to
actual response of Figure 6 which also the pass-band, the frequency of the next
clearly shows the predicted strong mode. mode would be expected to be around 8.150

MHz. This is exactly where the transi-
Figures 5 and 6 indicate that the re- tion-band rolls off.

gion from approximately 60 to 80 KHz above
the pass-band is free of unwanted modes. A literature search reveals that, for
In order to improve the inharmonic suppres- a plate the size of that used in this mono-
sion, two resonators (#2 and #6) having re- lithic crystal filter (34.4 mm in length),
sponses at 117 KHz above center frequency length dependent face-shear modes should
are replaced with resonators having re- have a spacing of approximately 74 KHz.

(Il)
sponses in the open region. Figure 7 The face-shear mode causing the problem
shows a scan for a filter with the two seen in this filter at 8.150 MHz is the
resonators changed. The two modes which 110th overtone!
have been added to the formerly open re-
gion are easily seen when comparing Fig- Several experiments were performed to
ures 6 and 7. Since this design avoids verify the identification of these unwanted
mode coincidences, the out-of-band sup- plate modes. Application of damping material
presion level has improved considerably. to the ends of the plate should greatly at-

tenuate the length dependent face-shear mode.
That is, in brief, a way in which in- Figure 11 shows the effect of applying a thin

harmonic modes can be suppressed. The meth- line of epoxy across the ends of the plate.
od does not depend upon calculation of mode The strong modes (74 KHz) are greatly atten-
strengths which, in the past, have proved uated. Most of the modes which still exist
to be somewhat unreliable. It does provide are width dependent. The family of flexural
a relatively straightforward way which has modes were identified, some of which are
been successful in achieving good inharmonic noted with small arrows. These modes have
mode suppression. a spacing of around 144 KHz, again in good

agreement with that predicted from available
Plate Modes literature for a plate of this width (11.2

mm). When epoxy is applied to the width
The second class of modes to be con- edges of the plate, the responses marked

sidered are what are often called plate by the small arrows are eliminated.
modes. Recall that these are the overtones



Another experiment which can be done where filters are required over a frequency
co verify the classification of these modes range larger than the spacings between modes,
(especially the weaker flexural modes) is two or more plate sizes may be needed to

to design and make an x-coupled filter. To ensure freedom from the interfering plate
do this, the plate and array are rotated 900 modes.
making the long dimension (the coupling di-
rection) the x or digonal axis. Then, of Closing Remarks
course, the z'-axis becomes the width di-
rection. Since the primary frequency con- The investigation has concentrated on
trolling axis (x) for the flexural mode is the phenomena of interfering plate modes only
now about three times as long as in the z'- for rectangular plates. For circular plates,
coupled case, the flexural mode spacings the mounting structure is usually attached to
should be one-third that found in the z'- the plate at a 45' angle to the x-axis. The
coupled case (or 48 KHz). Figure 12 shows combination of mechanical damping through the
the performance of one such filter. The mounting wires and the circular plate geom-
two modes below the pass-band and certain etry probably provides adequate suppression
of those above are flexural modes with a of these modes. Plate modes are usually not
spacing of about 47 KHz. In this case, the a problem.
flexural modes are considerably stronger than
observed in the z'-coupled filters while the For the inharmonic modes, the comments
face-shear modes are suppressed. This change herein apply to both circular and rectan-
in suppression levels is probably due to two gular plates since these modes are affected
causes. First, the designs are symmetric largely by che electrode dimensions--not
along the width (and not along the length) the plate geometry. The methods of achiev-
and, second, the plates are damped by the ing inharmonic mode suppression would be
mounting structure on the width edges as identical.
shown in Figure 1. Both facts may result
in suppression of the width dependent modes References
whether they be flexure or face-shear. At
any rate, the spacings agree well with those 1. R. A. Heising, "Quartz Crystals for
expected. Electrical Circuits", pp. 205-248,

D. Van Nostrand Company, Incorporated
T. R. Meeker has recently aescribed a (1946).

method of calculating these mode frequen-
cies (2) using equations erived from the work 2. T. R. Meeker, "XI and X3 Flexure, Face-
of Mindlin and Spencerb3  and Tiersten.(4) Shear, Extension, Thickness Shear, and
The results of this study agree quite well Thickness Twist Modes in Rectangular
with Meeker's predictions also. Rotated Y-Cut Quartz Plates", these

proceedings.
Given the fact that an interfering mode

is causing a problem at a particular fre- 3. R. D. Mindlin and W. J. Spencer, "An-
quency, the filter center frequency can be harmonic Thickness-Twist Overtones of
adjusted by either addition or removal of Thickness-Shear and Flexural Vibrations
mass from the electrodes resulting in an im- of Rectangular AT-Cut Quartz Plates",
proved filter at a different frequency. Fig- J. Acoust. Soc. Am. 42, pp. 1268-1277
ure 13 shows the result of ion milling one (1967).
filter in two 5 KHz steps. As the center
frequency is raised by the milling opera- 4. H. F. Tiersten, "Linear Piezoelectric
tion, the transition-band improves. The Plate Vibrations", Plenum Press (1969).
frequency of the interfering mode is un-
changed as expected.

Conversely, if the roll-off in the
transition-band is due to plate modes, one
should be able to change the plate dimen-
sions and improve the performance of a filter
at a given frequency. Figure 14 shows the
effect on the transition-band of shortening
the plate length in two 0.025 mm steps. As
we move the interfering mode (in this case,
a length dependent face-shear mode), the
lower transition-band performance improves.

In practice, of course, these modes
should be placed outside the region of in-
terest by correctly dimensioning the plate.
Although it is a relatively simple matter
to determine the frequency spacing between
overtones of plate modes, it may be diffi-
cult to predict the precise frequency at
which these high overtones will fall. These
precise frequencies depend on the effective
acoustic dimensions of the plate which may
differ from the mechanical dimensions due
to the plate edge finish or the mounting
structure, for example. For the situation Figure 1 - 8 Resonator Monolithic Crystal Filter.

Is:



UNWANTED MODES IN MCF ,0 s06kt6.266., PLAY 47-CO.

"PLATE" MODES INHARMONIC MODES

60 -o I [-

z 

20

2 40-.

20 -
Figure 3

Insertion-Loss Versus Frequency Scan of 8OI Identical Resonator Monolithic Crystal Filter-50 f +50 +100 +150 (X-ray Topographs of Mode Patterns Included).
FREQUENCY (kHz)

Figure 2
Insertion-Loss Versus Frequency Scan of MASK 544

Resonator Monolithic Crystal Filter. I PLATE
FREQUCY

FILTER (EXP) I Il I I I I I
MASK 544 FILTER (CALCI I I1 1 I

I I !I LPLTE

I' ,EREAOR1UERCY, I I 'II
I I '(,l I i) i

SINGLE~S LE 91 , IOETZAOECNE RQEC
IE (14, 2) 01(-63

L(3,1) I I I IOad S Obsrve 8 .Resonato Monlihi Crystal
50 60 0 80 80 100 110 120 11 0 140 150

2 35 1.6 4 KILOHERTZ ABOVE CENTER FREQUENCY

Reson ator Same as Figure 4 With Comparison of Calculated
(1,2) ii and Observed 8 Resonator Monolithic Crystal

1 81,3 2 _ Filter Inharmonic Spectra.
50 60 10 80 90 100 110 120 130 W4 150

KILOHERTZ ABOVE CENTER FREQUENCY
100

Figure 4
Resonator Inharmonic Mode Spectra for 8Bo
Resonator Monolithic Crystal Filter.

a
0 0

0

S40

-o

o- .L........ I I I I0 1 50 6200 6250 $300 6350
FREO[ENCY IMi11

Figure 6

Insertion-Loss Versus Frequency Performance of
the 8 Resonator Monolithic Crystal Filter Shown
in Figure 1.

194



100 100-

80 80o

60 60
0 0

0

~ ~ 40
U~ w

200 

Z 2

8.150 8.200 S.250 8.300 8.350 0
FREQUENCY (MHz) -20 -t0 f0  +-10 +20

FREQUENCY (kHz)
Figure 7

Insertion-Loss Versus Frequency Performance of Figure 8Improved Design Monolithic Crystal Filter. Pass-Band/Transition.Band Response of 8
Resonator Monolithic Crystal Filter.

1 0 0 

t o

80 7.7
0 80

on 60

0 0
S40 40 40

w i
Cn W0

20 20

6 7 8 FREQUENCY (MHz)
FREQUENCY (MHz)

Figure 9
Plate Mode Spectrum Observed Over 3 MHz Range
for an 8 Resonator Monolithic Crystal Filter. Figure 10

Detailed Plate Mode Spectrum of 8 MHz
Monolithic Crystal Filter.

195



0

0 U)
u0 60

0

0 0

0 -w

W a,
Z z)

20 -20

5 6 7 a 8.000 8.050 8.100 8.150 8.200 8.250 8.300
FREQUENCY (MHz) FREQUENCY (MHz)

Figure 12

Figure 11 Performance of X-Coupled 8 Resonator Monolithic
Plate Mode Spectrum Observed Over 3 MHz Range Crystal Filter.
for Monolithic Crystal Filter with Damping
Material on Plate Ends.

100
100

80
80 - C

(60
60 0~ 0 J

Z 0
0 40

W UW, 2
20 20

20 0

-2 10 f 10 +0-20 -10 to +10 +20
FREQUENCY (kHz) FREQUENCY (kHz)

Figure 13 Figure 1'4Effect of Changing Filter Frequency by Ion Effect of Changing Plate Length by LappingMilling Electrode Array. Ends of Plate.



--- II

MULTI-MODE STACKED CRYSTAL FILTER

C.M. Stearns, S. Wanuga, S.W. Tehon
General Electric Company

Syracuse, New York

and

A. Kscheyer
University of Minnesota
Minneapolis, Minnesota

Summarl

The stacked crystal filter, a structure where lographic axes cf the plate mpterial, a second program
mechanical and piezoelectric coupling occur at the to determine the orientation of the normal mode axes
interface of two or more plates, was first introduced of the pl. te in relation to the actual plate coordin-
in June 1972. The plates are stacked in the thickness ates and a third program to convert these results into
direction and are driven in thickness modes of motion, velocity and coupling coefficient information.
This type of structure may offer miniature low-loss
acoustic filters using two or three mode interaction All the results to be described pertain to the
in each crystal layer. simple two-element stack illustrated in Figure 1,

however, programs for more elaborate stacks can be

Computer programs have been developed to simu- developed.
late stacks of two crystal plates with the normal
modes arbitrarily located in relation to the plate Discussion
coordinates. The programs allow the plates to be
rotated around the thickness direction with respect to The point for the development of these programs
each other. was the transmission line normal mode equivalent cir-

cuit of Figure 2 as developed by Dr. Ballato [1). Each
Computerized filter results will be shown for transmission line is associated with one of the three

arbitrarily selected coupling coefficients and mode allowed modes of vibration as determined from the sol-
velocities for the normal modes in the plates. The ution of the secular equation (2] governing this TETH
effects of plate rotation in the case of an AT-cut case. If the particular plate under consideration has
quartz stask indicates mode coupling for angles as a mode which is not piezoelectrica•lly excitable, the
small as 5 with varied response effects for further electromechanical transformers associated with this
increases in plate rotation, mode (transmission line) are removed. This normal mode

equivalent circuit for each plate can be associated
In the case of single mode stacks, the effects of with a normal mode open cirvit impedance matrix of the

the bond parameters on lossy bonds of arbitrary di- form shown in Figure 3. Z , 91, and nt in this fig-
mansions between plates are treated. ure are respectively the cdaractaristic impedance,

propagation constant and electromechanical transformer
Experimental studies and results of some of the turns ratio of the allowed mode I. These modes are

configurations will be presented. propagating in the thickness direction of a plate of
thickness 2h. C represents the usual interelectrode

The combined studies indicate that multi-mode capacitance.
stacked crystal filters can be utilized in an effect-
ive manner to shape filter response characteristics. If the normal mode axes coincide with the actual
They also indicate that characteristics not readily plate axes for each element in the stack, this equiva-
achievable with simple, single-mode units can be ob- lent circuit and matrix contains all the information
tained, required to determine the frequency response of the

stack, except for the mechanical and electrical bound-

Introduction ary conditions. However, in general, the normal mode
axes of a plate will not coincide with tha actual plate

A stacked crystal filter is a bulk wave device axes. In this case, it is necessary to add a multiple-
composed of individual crystal plates bonded together winding transformer at each end of the normal mode
in a sandwich-type structure. Therefore, the coupl- equivalent circuit to represent the orthogonal trans-
ing between elements is acoustical (mechanical) rather formation from the normal mode coordinates to the actual
than the electrical coupling commonly employed in coordinates.
traditional crystal filters. To examine the potential
of these stacked filters as miniature low-loss acoustic The equivalent circuit representation of a single-
filters, a series of computer programs were written element in the stack in term, of the actual plate
for the thickness excitation of the thickness mode coordinates is shown in Figure 4. The turns ratios of
case. These programs represent single mode plates, these transformation transformers are determined from
plates with two modes normal to the plate thickness the components of the eigenvectors associated with the
direction, and plates with three normal modes arbit- eigenvalues of the secular equation. When these same
rarily located in relation to the plate coordinates, coordinate transformations are applied to the normal

mode Impedance matrix, the actual coordinate impedance

In order to make this latter program applicable matrix shown in Figure 5 is obtained. In the general
to any generalied configuration, three auxiliary pro- case every term in this actual coordinate matrix is
gram are utilized: a program to calculate the plate non-sero even though almost half the elements in the
material constants (stiffness, piesoelectric stress, normal mode impedance matrix were taero.
and dielectric permittivit~as) for any arbitrary plate
orientation in relation to the standard (XYZ) crystal- The multi-mode filter stacks to be considered here
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will consist of only two of these plates as shown in in each plate which are again perpendicular to the plate
Figure 6. While not shown explicitly in this figure, thickness direction. For this case, intimate or welded

it is assumed that each plate surface normal to the contact between the mating plate surfaces was assumed,

thickness direction has an electrode on it and that however, relative rotation between the plates was
the smallest of these electrodes determines the active allowed. Figure 9 illustrates the response obtained

area of the plate. There is no requirement that the for two identical plates. The density and dielectric

plates be the same size or thickness or even made of constant of AT-cut quartz material were used as well as
the same material even though the case illustrated a mode 1 coupling coefficient

3 
XKl, of 0.088 and a mode

uses identical plates. As shown in this figure, 1 velocity, CT1, of 3.32 x 10 m/sec. Mode 2 coupling
another degree of freedom is available in this stack. XK2, is assumed to be twice that of mode 1, while mode

The actual coordinates of one plate can be rotated 2 velocity, CT2, is 1.1 times that of mode 1. Each

about the common thickness axis in relation to the plate is resonant and one-half wave thick at 10 MHz

other plate. for the mode 1 velocity. Assumed electrode diameter is

1 cm, the source is a 1 volt generator with 1600 ohms
The actual mode equivalent circuit of this two- internal resistance, and the load is a 1600 ohm

element stack is shown in Figure 7. The multi-winding resistor.

transformer between the two plates establishes the

coordinates of the left plate as the reference frame- The interaction of these two piezoelectrically
work and refers the coordinates of the right plate to coupled modes at 00 of plate rotation results in the

them. The turns ratios are dependent on the relative notch in the response curve following the mode I res-
rotation between the plates. To obtain a solution, the ponse. The location of this dip is dependent on the

following method is utilized. The traction free ratio of the mode velocities. A faster mode 2 velo-

mechanical boundary conditions are applied to the free city moves the dip further away from the mode 1 res-
surfaces of both the right and left plates. This ponse. At small angles of rotation between plates,

reduces the 7 x 7 impedance matrices to a set of 4 x 4 the response curve remains essentially unchanged. How-

matrices involving only the electrical quantities and ever, at 450 of relative plate rotation, the mode I

the equivalent mechanical variables on the junction response has decreased considerably and the notch has
sides of the plates. Application of the appropriate become shallower.

electrical termination to the right plate further re-

duces the matrix of this plate to one involving only Figure 10 shows the effects of a continued rot-

the junction variables. When the variables of the ation of these plates. With 700 rotation between
right plate are referred to the reference coordinates plates, the notch has deepened again, the mode 1 re-

of the left plate, the continuity of stress and velo- sponse has disappeared and the mode 2 response has

city conditions can be used to obtain a simultaneous begun to take on a double-humped characteris~ic. As
set of expressions for the junction currents in terms the relative plate rotation is changed to 80 , the

of the input electrical current. This leads to an response takes on a skewed characteristic with an

expression for the terminated input impedance of the approximate mid-band insertion loss of 5 dB, a + 2 dB
stack. With an expression for the input impedance, it passband ripple and a 3 dB bandwidth of approximately

is a simple task to determine the input current in 2.5 percent.
terms of the applied electrical voltage. The steps are

then retraced to determine the appropriate electrical When these plates are rotated to 850, the passband

output voltage and current. ripple has disappeared as shown in Figure 11. This
response has a mid-band insertion loss of 3.5 dB and a

This procc'ure has been applied to several special 3 dB bandwidth of approximately 1.5 percent.
cases of this 6 -ne-alized equivalent circuit. The

first, with only une normal mode perpendicular to the Figure 12 again shows another stack of two

thickness direction in each plate, and no inter-plate identical plates. The parameters of these plates are

rotation, assumes a finite bonding layer between plates. the same as those described in conjunction with Figure

The bond is represented by a lossy transmission line, 9, except for the mode 2 velocity. For this case, the
and has arbitrary values of thickness and cross- mode 2 velocity is assumed to be slower than the mode 1

sectional area. This case can also be represented by velocity and equal to 0.95 times it. This results in the

the more familiar Mason's equivalent circuit and solved mode 2 response occurring at a lower frequency than

by straightforward ladder techniques. Figure 8 gives that of mode 1. As illustrated for 5 of relative plate

the results computed for two single mode, AT-cut, rotation, this results in the null response being below
quartz plates separated by a gold bonding layer with ths mode 1 response. At a relative plate rotation of

an assumed mechanical Q of 100. Solutions are shown 83 , a single peaked response curve is obtained similar

for seven different values of bond area. to that shown at 850 in the previous case. However,

for these conditions, the notch is now above the main

Inspection of Figure 8 reveals a direct analogy of response. This immediately suggests the possibility

the system to a double tuned filter circuit. With full for electrically cascading, simple, two-element stacked
bond area, a single resonance is observed at the wave- filters to tailor overall response. While not illus-

length thickness of the stack. With reducing bond area, trated, the relative rotation of the plates can also be

the Fingle resonance becomes double humped, with ripple used to couple energy into non-piezoelectrically coupled

and peak separation determined by bond area. Critical modes in one or both plates. This has the effect of

coupling is theoretically achievable, creating notch frequencies In the response curve at the

resonant frequencies of these modes. The notch depth

A similar calculation, for fixed bond area and and exact character can be controlled by the amount of
variable bond thickness, shows a similar control of energy coupled intn the mode and is dependent on whether

coupling. A thin bond produces the single resonance a mechanism to couple any of it back to the electrical
of loose coupling and a thick bond produces an over- output exists or not.

coupled response, accompanied by excessive insertion

loss. In all combinations, the optimum critical coupl- The third case programmed was the 3 mode example

ing parameters are dependent on the physical properties illustrated in rigure 7. As mentioned earlier this

of both the bonding material and stack elements. gen ral case either requires previous knowledge of the
plates used in the stack or the use of the three

The second case considered allows two normal modes auxiliary programs. Figure 13 illustrates the results
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of this program for two AT-cut quartz crystal plates in stacked crystal filter.
intimate contact. These plates have one pure piezo-
electrically excitable shear mode, a quasi-shear and a Acknowledgement
quasi-longitudinal mode which are both non-pieo-
electricall coupled. With the plate axes exactly The authors would like to acknowledge the U.S.
lined up (0 relative rotation), the response curve Army Electronics Command, Fort Monmouth, New Jersey for
exhibits a nice smooth character. As soon as any the support of this program under Contract No. DAA307-
relative rotation between the plates is introduced, 76-C-1337.
plate boundary coupling to the other modes takes place
and nulls and peaks occur in the response curve. References

Figure 14 show8 the computed response for a re[1- 1:) A.D. Ballato, "Transmission-Line Analogs
tive rotation of 45 between the plates. Here an for Piezoelectric Layered Structures,"
interchange of energy from mode 1 to mode 2 occurs. PhD Dissertation, Polytechnic Institute of
The resonant effects of mode 2 appear and are coupled Brooklyn, 1972, also U.S. Army Electronics
back to the output through mode 1. The response curve Command Report ECOM-4413, Kay 1976.
for a relative rotation of 750 between plates is also
shown. [2) H.F. Tiersten, "Thickness Vibrations of

Piezoelectric Plates," J. Acoust. Soc.
The actual response curve for a two-elemen t stack Amer. Vol. 35, No. 1, January 1963,

of AT-cut quartz elements with approximately 75 of pp. 53-58.
relative rotation between plates is shown in Figure 15.
This curve was taken in a 50 ohm circuit with no
attempt at impedanc, matching with plates individually L, La
resonant in the neighborhood of 6 MHz. These plates
were bonded together with a synthetic polyester
adhesive, Lens Bond from Summers Laboratories, Inc. of
Port Washington, Pennsylvania. The advantage of this
type of bond, which is capable of being dissolved, is
that the same set of stacked crystal elements can be
used repeatedly for studying the effects of plate
rotation on the frequency response. There is no claim
that this response represents a useable filter, but it
does serve to lend credibility to the computed response
curves. There is a high degree of correlation between Z
the computed response of Figure 14 and the response G L
shown in Figure 15 over comparable frequency ranges.

Conclusion

During this investigation of multi-mode stacked
crystal filters the major emphasis wcs placed on the Figure I Two-Element Stacked Crystal Filter
development of computer programs, based on the trans-
mission line model of a TETH plate, to simulate the
stack behavior. This placement of emphasis is the
reason why most of the results presented employ ident-
ical plates. The programs can handle any combination
of plates; however, for debugging and interpretation
purposes it is convenient to use identical plates. It I*tV Z(',

1 
aV (41

is not intended to imply that this configuration is V'-AT'I('h) (4

better than or even as good as, any of the multitude V,.AT -h) 11 1

of non-identical plate configurations which can be 3T - _

conceived. v;-ATa(-h t Zo7033
V,-AT 3h41%) -. -

Tables I and II indicate some of the wide range v1 .-
of crystalline materials/orientations and bonding O AT?3,Gh) ,6

materials which can be used in stacked crystal filters. V. AT, 3 3 ") .t(6.

Such a multitude of choices should offer a wide variety v7 -Electricalvoatage
of filter characteristics.

It is hoped that enough information about the r 1,
stacked crystal filter has been presented to demon-
strate its potential and to encourage further theore- 13 -.;

3 
I-h)

tical and experimental investigation of this con- '4 - *h +CO

figuration. Even the two-element stack considered here 1 . i+h)
deserves more extensive investigation. The next 1s
logical step in the investigation after this is the ' ""' __,

inclusion of a bonding layer in the two-element stack 1 ElectricalCurrent V7
of multi-mode plates. Then an extension of the stack
to more than two plates should be carried out.

In conjunction with this extension, an augmen-
tation of the plate equivalent circuit is desirable.
This would allow a variety of electrical inter- Figure 2
connections between elements in the stack to be con- Seven-Port Normal Mode Equivalent Circuit for a TTh Plate
sidered, and add to the potential usefulness of the of Thickness 2h
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... ...... .... ... .. .. . . .. ..... IS



it"O- --

U) ZO Zo

0T~ ta 0, 0 0 i . jc

U1 ze 1
(1 i 0 0 0 -C

%in.. "a

0 0 0 0 0 -.5

111 '*a n3 a aG as CI

Jac i~. -CO 1 o jC4 jaa' Jac*

Na....l Cooa, lap.ea Matix. of a TETh Plate

Figure 3 Normal Coordinate impedance Matrix of a TETh Plate

1, -. ju(-Ka) (1 1 *aUIh

=(2)( 2I

AT (-h - T, h)

L E4

. t.

Figur t SvenPr Actua Corint Aqialn Cirui hor)
AT32 ~ ~ E~ Plate ) 53

0 1 = 00



_ 11  , . ,, 0 o I o -- __
btl Z I bll Jbll bl b 1  Zllb 31  lb 11 Z14 bl b11 Z*14 b 21  b11 Z14 b31  b11 217

1 AT31 ' ~ 2 ~b 2 I~1 ; z 12 *b 2 2 b3  b 2 Z 12 1 .b12 Z0 b22 1 bl2 Z2 b32 1 12 27 1 F' 1  h
20 Z 20 b * ob + b +b Z3 I bb

+b13 Z03 13  1 3 3b3'13 33 33 13 Z36 13 13 23 1343 b3 13 03

- 1 Z1 l bl . bil Zll bl2 i , b Z 11 b 3 1 i bl, b1 1  Z b2 l  b2 z 4 b3. I Z -1Z- 7

V * AT(-hI 1 Z .b 20
1 z l l 

Z
b  4 2 1

bzi~l4 2 z 2  ~2 22  2*-~u(b
T " 0 0 0 +02 1

b 0 0 023 Z3313 +23 433, b231 +23 Z303 b,, l b33 Z131 +23 Z b3 +23 ZZ14 3 430.2.b. 0 b 0 b b 2
0

b lb 2
- --- AT 3 - ;1 fI 113 1 ~ 311131 31 14Z 3bt ' b2 1 14 31 131 17

14 +-32 .e"2,, b; , 1 0 b; Z', b ++,,.,,b Z5A2 .,. +,32 Z25 ,2,11 +32 222,3, 32 25 122 22 2 bb,2 1,32. 32  1 ,+b32  -27 ,',,.JM ,

+b33 Z, b13 1 *b33 Z3 b231 +b33 Z;3 b33 "b33 ZL b13 1 +33 Z36 h23 I +b33 ZL b33  33 Z 7
- - - ----------------------- t- --------------

b11 Z14 b I b1  Z014 b2 I b 011 4 b3l 1 lb 11 b11 rI nb t 2 oll b2  rb l es11  tb3 o bt 17

V 4 -AT 31 f4) +l Z;5 b 121 +b12 43 22 1 +I 2 205 b32 I+b12 Zon b,21 +bl Z02 b2 2 I +b2 0 b 32 1 +b,2 Z2 14 = fU 1 (.hi

413b'4* 0 b 4*0Zb I 20e3 Z b I +b 20 b I b Z037
13 13 13 36 23 '1336_33 133213 13 33_23 13 33 33 13----------

I-----I-----4-----I-----4---.,--,,

b21 Z!'4 bl1  b~l Z1
4 b21  b21 e14 b3 l 1b21 el b11  b2 1 1~ b2 l lb ' 31 b2 l e17

[ 5

.AT n4* +b22 112 52+ Z 2b4 2b +b22 zbI+b 2 0 b 14* Zb b I1ju(*eS 32 *225 22222b 225 32 22212 22 22 22 22 22 32 +22Z27

+b23 236 b 13 1 +b23 236 b23 1 +b23 236 b33 +b23 233 b 131 +b23 233 b23  4*23 233 b33 +b~237

blZ1b 31 14 211 b31  14 b 3 1 
1
b31 2 11 b1  Zb 0b b 2 b lb 20

b 3 Z4 1 1 Tb 20 b~ 200 0~ 112 31 11 31 31 17

Vs AT33 (4b) +b32 25 b1 2 I b3 ZZO 22 b 32 Z
0
b 32+b32 2;3 b121 +32 Z22 b221 32Z22 32 b33 Z27 1 W3 (h

43 e3 b 131 +b33 Z03 b231 4*33 e36 b 33 14*33 Z033 b13 1 +b33 Z033 b2 3 I b33 Z33 N, 33~ 37

ev b 1 2 1 ~ r1 3I 17 b11  Z17 b21  Z17 b31

+27 b12  I +Z;7 b22 IOZ27 b632 K27 b 12  W2 b2 2 K 7 b32  Z771,

L47b13 +3 b31+37 b33 I+37 b13 Z3723 Z37 b33I II
Figure 5 YAtrix Relating Actual Coordiate Voltage Variables to Actual

Coordinate Currant Variables
0

- - ---- I

+ + aJJ

03
* k S



vi--

Figure 7 Equivalent Circuit of a Stacked Filter of Two Plate. Without
Boundary conditions Applied
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128 kHz POLE-TYPE MECHANICAL CHANNEL FILTER

K. YAKUWA , S. OKUDA , K. SHIRAI and Y. KASAI
FUJITSU LIMITED

1015 Kamikodanaka, Nakahara-Ku, Kawasaki, 211, JAPAN

Summarv Filter Structure

The design and the characteristics of a newly The pictorial structure of this filter is shown
developed 128 kHz pole-type mechanical channel filter in Fig.l. Transducers and resonators are coupled by
at described. longitudinally vibrating wires. Two two-resonator

bridging wires are used to realize two pairs of att-
The filter consists of two 2nd mode flexural enuation poles at figite frequency in the upper and

transducers, six fundamental mode torsional resonators the lower stop-band. In this figure, arrow heads and
, longitudinal coupling wires and two two-resonator a dotted line indicate the direction of the vibration
bridging wires. Since each two-resonator bridging displacements. Displacement direction at A and B are
wire is designed to be less than one-half of an acou- inverted by making use of flexural transducer and
stic wave-length long, a 1:-i phase invertor can be torsional resonator. Thus a phase inverter can be
realized by making use of these modes of transducers realized by bridgiong these two points by a bridging
and resonators, without using oblique bridging wire. wire which is less than one-half of an acoustic wave-
Then a symmetric pair of attenuation poles above and length long, without using oblique bridging wire.
below the filter pass-band can be realized by each
two-resonator bridging wire, respectively. This sym- As the result, a symetric pair of attenuation
pie Jter structure is well suited for automated pole in the upper and the lower stop-band can be rea-
production. lized by each two- resonator bridging wire. This

simplified structure is well suited for automated pro-
Concerning filter synthesis, the Min-Max optimi- duction. An electric circuit is connected to each of

zaLion method io applied to realize the filter cir- input and output of the mechanical filter,which acts
c,:it having minimized sensitivity to various parame- as an impedance matching circuit and an electrical
ters. coupling circuit of -he signal filter to the channel

filter. The equivalent circuit of the filtre is shown
Typical pass-band response fulfills the desired in Fig.2.

specification of 1/20 of the CCITT recomendation
throughout the temperature range of 5*C to 55°C. Circuit Design
By the introduction of pole-type mechanical filter,
Lhe minimum group delay is reduced to 0.57 ms.. The mechanical channel filter was designed to
Th, group delay distortion is nearly 1/4 of the CCITT minimize the number of resonators for miniatureriza-
* - 232C. The filter volume is reduced to 10.7 cm

3  
tion and economization, by introducing the attenuation

and is about 1/6 of the conventional LC channel filter pole and utilizing the selectivity of the electric
n.,w used in FUJITSU. matching circuits as well as the transducers.

From the results, the circuit degree was determined
Introduction to 20th. To realize a filter circuit having minimized

sensitivity to various parameters, sensitivity invest-
The channel filter for YOM telephone system is igations were performed.

th most integral part with the highest production
voleme in the system. Various filter technologies From the results, design condition of 128 kHz
including LC fAlters, mechanical filters,MCFs etc. pole-type channel filter was determined as follows:
have been studied for improving cost/ performance
ja:io for use in next generation of telephone system. . reflecting propagation attenuation

in the pass-band: 33.4 dB
In the field of mechanical filters, two types of (i.e. a ripple 0.O04dB)

{i er:;, polynominal and pole-type, have been studies.
As for polynominal mechanical filters, a compact . circuit degree : 20th

channel filter at 48 kHz has been developed by Siemens
, Germany. Th, stop-band selectivity and the pass- . pole frequency : 127.645 kHz
band av~plitude characteristics of this filter are 127.905 klz
satisfactory for voice communication, but the group 131.790 kHZ
delay distortion may be excessive when data are to be 132.004 kHz
transmitted.

On the other hand, pole-type mechanical filter
3
-8 Concerning circuit synthesis, the Min-Max opti-

allows the reduction in number of resonators for the mization method was applied.
same stop-band selectivity, therby giving a flatter
group delay in pass-band and a smaller size. Resonator and Transducer

The authers realized a pole-type mechanical cha-
nnel filter at 128 kHz in a simple structure for a The fundamental mode torsional resonators are
premodulation scheme use where only one filter type made of a constant Young's modulus alloys, and are
is required, approximately 11 - in length and 3 me in diameter.

After suitable heat treatment, the average Q-value of
these resonators becomes about 3x10

4 
and the frequency
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temperature coefficient is less than 2x1O-6/*C. solid line represents the value calculated from equ-
The resonators are tuned automatically by a laser ation (4). In the measured value, abnormal state of
machine within * 4Hz. coupling coefficient are found around points of lc-4.5

mand c-6.3 mm. These are caused by resonances of
Transducer the flexural modes of the coupler.lO The dotted line

The highly stable and high-Q transducer was deve- indicate the calculated value in consideration of the
loped for this filter. The transducer is vibrating in effect of flexural modes, and in this case the calcu-
2nd mode flexure, and is made of a constant Young.s latd value well agrees with the measured one.
modulus alloy and a piezo-electric ceramic having a Thus it is needed to avoid flexural resonance of
coupling factor k31 of 27.5 Z. The ceramic platelet coupler when determining dimensions of coupler, and
is soldered to a flattened side of a resonator as coupler length. By this way, error of coupling coeff-
shown in Fig. 3. icient can be reduced to about 1 Z.

The poling directions of the ceramic platelet are Characteristics

inversed as shown in this figure, so that the 2nd
flexural mode could be driven. The supporting wire is Fig.7 shows the external apperance of the filter.

welded to the center of the transducer. Characteris- The filter volume is 10.7 cm
3 
including matching cir-

tics of the transducer are as follows: cults, and is about 1/6 of the conventional LC channel
filter now used in FUJITSU.

Sfrequency temperature Typical attenuation characteristics of the filter
coeffcent: < 5xera 6/rC  Is shown In Fig. 8. The pass-band response satisfies

1/20 CCITT recommendation throughout the temperature

mechanical Q: approx. 3500 range of 5 C to 55 *C. The characteristics is achiev-
ed only by the tuning of the end transformers, without

Scapacitance ratio: 400 adjustment of assembled mechanical part of the filter.
The insertion lose at 800 Uz off carrier (i.e. 128.8

kHz) is about 1.4 dB.

Coupling between resonators Group delay characteristic is shown in Fig. 9.
The minimum group delay is reduced to 0.57 mas.. The

The fundamental mode torsional resonators are group delay distortion is nearly 1/4 of the CCITT Rec.

coupled by longitudinally vibrating coupling wire by G.232C.

means of welding. Coupling state of two resonators is Fig. 10 shows the spurious responses in the region

shown in Fig. 4. A coupler is spot-welded at the Pos of 10 kd~z to 1 MIs. The spurious respnse more than 60sh ow in Fig 4 . A c upl r i s sp o -we d ed at h e oe - dl is ob tained by usin g end e le c tric cu rcu its en d in k-
ition X on the two resonators. Where equvalent cou-

pler length is 
1
c. and Dr, Dc are the diameter of the ing vibration mode of transducers different from thatof resonators.

resonators and the coupler,respectively. Resonance f 11shors t
Fig. 11 shows the aging characteristics of the

angular frequencies at both resonators are equal to Wr filter under the condition of 55 *C. As shown in this
before coupling. figure, characteristics is excessively stable.

When only the longitudinal coupling is considered,
the equivalent circuit is shown in Fig. 5. In the Conclusion
coupling state, the two observed resonance angular fre-
quencies wuand Wz (corresponding to the zeros of the in- A pole-type mechanical filter at 128 kdz has been
put impedance), coupling coefficient k and center ang- successfully developed in a very simple structure,
ular frequency usare given as follows: which is well suited for automated production.

The number of resonators are minimized to 8 inclu-
WI 

= 1 Sr/(Mr + Mc) (1) ding two transducers, for miniaturization and economi-
zation. By applying the minimized sensitivity circuit

w2 - !(Sr + Sc)I(Mr +Mc) (2) design, pass-band response fulfills the desired specif-

ication of 1/20 CCITT recommendation throughout the
we = (W1+ WI)/2 (3) temperature range of 5 'C to 55 'C.

k - (W2- W)/ur :(w2- W)/ W1  (4) The minimum group delay is also reduced to 0.57
ms., and the group delay distortion is nearly 1/4 of

where the CCITT Rec. .232C.

Mr - Pr'Ar'lr/(2T ) tS) Acknowledgment

Sr wr M (6) The authors would like to express their apprecia-

Mc = ( z0 / o )'tan(wolc/2vc) (7) tion to Dr. K. Sawvmoto of Yokosuka Electric Communica-
tion Laboratory, NTT. for his fruitful discussion, to

Sc - w0zo" cosec( wolc/Vc) (8) Dr. M. Kawashima, General Manager of Transmission Divi-
sion, FUJITSU LIMITED, for his consistent guidance and2x =-2"'c~s(X/lr

)  
(9) encouragement.
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Fig.1 Structure of Mechanical Channel Filter

Fig.2 Equivalent Circuit 
Fig.3 2nd Mode Flexural Transducer
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Fig.4 Coupling State btween Two Resonators

C>)

0 MEASURED

Sr M Mc c Mr Sr. CALCULATED (LONGITUDINAL)

5 CALCULATED (FLEXURE-LONGITUDINAL)

Sc 0 __________________________

3 4 5 6 7

COUPLER LENGTH (rmw)
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LITHIUM TANTALATE CHANNEL FILTERS FOR MULTIPLEX TELEPHONY

Tomas Arranz

Compagnie diElectronique et de Pigzoilectriciti
78500 - Sartrouville - France

Susary

There exist various possibilities provided by It should be emphasized that the use of

modern filtering techniques for the realization of Lithium Tantalate allows one to cover a new operational

channel filters for multiplex telephony ; a new pro- domain which is complementary to that of quartz.

cedure, based on the use of Lithium Tantalate resona-

tors, has been studied in detail. It turns out that An examination of figure I shows that, for

by using new piezoelectric materials, such as Lithium frequencies of some kilohertz and for relative band-

Tantalate, it is possible to extend the range of widths between 0.4% and 10%, the mechanical filter

applications of crystal filters into a domain that provides an interesting solution which explains the

was dominated previously by mechanical and by intensive work being carried out in this field.

classical LC filters. Furthermore, it is immediately apparent that LiTaO3
piezoelectric resonators cover essentially the same

The present paper describes in detail the domain.

successive stages involved in the realization of a

Lithium Tantalate channel filter for 128 KHz. Its In table I, we have assembled the main

characteristics correspond to the CCITT standards. design parameters of the materials or means that may
be used for the realization of channel filters for

The scheme of the paper is as follows: telephony ; here,

-a succinct description of the various Q d
methods currently in use : L-C filters, Xr

mechanical filters, quartz filters Being given that the normalized quality factor

design and optimization of a Lithium q, is highest for LiTaO3 and that its frequency-tempe-

g arature characteristic is acceptable, it seemed reasona-
Tantalate filter ble to realize a multiplex telephony channel filter

- design and realization of Lithium Tantalate at 128 KHz using this material.

resonators
Characteristics of the filter

- realizaion of a filter
The tolerance contours that are considered

- critical analysis of the results and ( L. CCITT ) are shown in figures 2 and 3 for the pass-
10

conclusions. band and the stopband, respectively. The allowable
group delay variations are given in figure 4.

Introduction The tolerance contours imply extremely high

selectivity for the filter : 40 dB suppression of the

During the past few years, work on new carrier and + 0.22 dB ripple in the passband for a

multiplex telephony systems has taken on added temperature range of + 100 to + 600 C. Furthermore, the

importance, since the present system ( premodulation accepted insertion loss must be less than 1.5 dB and

at 24 KHz with LC filtering )may be improved and the input and output impedances must be identical and

therefore should be revised. Due to different premo- equal to 600 n. These stringent conditions necessarily
dulation frequencies, the new systems require a lead to a transfer function having a large number of

variety of filters ; improved LC filters for 24 KHz, poles.
ceramic filters, mechanical filters at 128 Kllz or

256 KHz, classical quartz filters at 2.5 MHz or In order to ensure a simple and easily repro-

monolithic crystal filters at 8.192 MHz ( U.S.A.). ducible structure for the filters using LiTaO3 resona-
tors and keeping in mind the high attenuation required

The technology to be adopted for the reali- in the stopband ( 70 dB ), it was decided to use a

zation of channel filters is strictly dependent Cauer transfer function having finite attenuation poles

upon the physical realizability of the components. realized as a ladder structure ( figure 5 ).

The limitations of the various technolq es are

reasonably represented in figure 1, r2 on which we Filter design procedure
have superposed the operational domain of Lithium

Tantalat* ( LiTaO3 ). The synthesis procedure used is described in
detail in the classical paper of Seal and Ulbrich 5
and leads to the low-pass structures shown in figure 6.
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Actually, whenever possible, the element Frequency variation as a function of temperatu-

values of the normalized low-pass filter are read re is of prime importance. In the case of LiTaO3 , the

from the tables of the appendix of reference 5, frequency-temperature characteristics for series and

after having determined the degree of the filter and parallel resonances are quite different ( figures 13a,

the selectivity factor ( or modular angle )from the 13 b ).
tolerance contours. The resulting circuit ( or its
corresponding transfer function ) may then be The frequency variation for series resonance

analysed in order to verify that attenuation and 6 is small (* 20 Hz ) and it should be possible to

group delay responses lie within the required limits * improve this perfo'rma e by varying the cut angles 4f
For certain critical cases, the entire synthesis 9 or of figure 14. The parallel resonance problem

procedure may be carried out automatically by means is entIrely different ( 180 Hz ) compensation is

of a specific computer programme 4. therefore required.

For n = 10, the normalized low-pass filter Realization and Optimization of the Filter

is given in figure 7. This circuit is progressively
modified b means of standard network transforma- The above transformations have led to the

tions 5j7, in order to approach the desired circuit circuit shown in figure 10 c which consists of 8

of figure 5. crystal resonators and a series LC circuit. The resul-
ting equivalent inductances of the crystal resonators

The transformations are as follows vary widely : an industriol realization of these reso-

figures 8, 9, 10 ) nators, per se, is precluded. Consequently, four
standard inductances were chosen . 1.1 H, 0.8 H, 0.4 H

- denormalization relative to bandwidth, and 0.2 H.

- partition of the network into elementary
cells. Under these conditions, the results are given

in figure 15 and figure 16, the tolerance contours
- low-pass to band-pass transformation being respected. However, the series LC circuit is

in which negative capacitances appear. undesirable because of its relatively low quality

- elimination of the central negative capaci- factor and its poor temperature behaviour. It is re-

tances by means of ideal Transformers. placed by means of the transformation indicated in

- elimination of the negative capacitances figure 17. The definitive network, consisting of 9

in the input and output cells c Norton's resonators, is given in figure 18. The frequency res-
nthem ip aponse characteristics ( figures 19 and 20 ) ccmpare
theorem )favourably with those obtained with the original filter

- absorption of the ideal transformers. ( figures 15 and 16 ).

- transformation of the central cells Temperature Compensation
into crystal resonator equivalent circuits.

- final denormalization and introduction of Variations in temperature will, of course,

the piezoelectric resonators. change the frequency response curve of the filter
( figure 21 ). Among the multiple factors that obtain,

The Lithium Tantalate Resonators 9, 10. we shall consider those that seem most pertinent

Transformers

The equivalent circuit of a LiTaO3 
resonator

is identical to that of quartz ( figure 11 ) ; Temperature variation of inductances may be
however the element values differ considerably. Temperature variato of indutances may b
Bandwidth considerations lead to a large electro- compensated by means of tuning capacitances having a

mechanical coupling coefficient ; consequently, a negative temperature coefficient, a. g., a combination
y + 400 cut which is suitable for a longitudinal L = Lo I + a t )
mode was adopted ( Figure 12). and C = C I - a t)

The resulting capacitance ratio, Co , is will yield a satisfactory frequency variation as a
Co function of temperature.

approximatively 20 and is related to the coupling

coefficient as follows Resonators

- :z The resonator problem is twofold

The resonant frequency of the crystal in the - the deviation of the series resonant frequen-

longitudinal mode is given by the relation cy must be compensated by varying the cut-angle
slightly, thereby permitting a translation of the
extremum of the frequency- temperature characteristic,
e.g., for an inversion point a 35'C, the frequency

ug , y , . variation will be of the order of 6 Hz.

where .4',mis the compliance, /Othe density and L - compensation of the deviation of the parallel

the length of the bar. Furthermore, the equivalet resonance frequency is necessary and is readily carried

inductance is proportional to the thickness of the out whenever the prallel capacitance of the crystal
bar :resonators is relatively high.

L. The results obtained after temperature compen-

The above relations allow one to estimate the perti- sation are given in figures 22 and 23.

nei,t characteristics relative to the resonator, e.g.,

the quality factor is approximatively 50.000.
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Realization of an operational model

Two solutions were adopted ( photograph 2 ). 4. C. Gimenes, Synthlse des filtres passifs pointes

dtattinuation infinies r~alisds avec des composants

External matching i faibles pertes. Application aux filtres de Cauer
degri ilev6, Revue Technique Thomson-Csf, 3, no 2

A printed circuit is used for the realization Juin 1971, p.p. 269 - 306.
of these filters ; the overall volume is thereby 5. R. Saal, E. Ulbrich, On the design of filters by
reduced to a minimum. However, the external matching synthesis, IRE Transactions on Circuit Theory, CT 5,
circuits must be realized with care. December 1958, p.p. 284 - 327 .

6. G. Dub6, Un ensemble de programmes relatifs aux fil-
Internal matching tres passifs, Revue Technique Thomson-Csf, Vol. 6,

n* 1, Mars 1974, p.p. 81 - 104.
In this case, the volume of the filter is 7. A. Zverev, Handbook of Filter Synthesis, John Wiley

increased considerably ; however a suitable volume may and Sons, New York, 1967.
be obtained by changing the shape of the transformer. 8. D.S. Humpherys, The analysis~design and synthesi-

of electrical filters, Prentice-Hall, 1970.
Evaluation of the results 9. G. Volluet, M. Savy, Etude d'app-cat , -I- roni-

que du Tantalate de Lithium, L..- ..... report,
The performances achieved with the filter November 1975, L.C.R., Th-,,son-C~f.

described above are not definitive and may be impro- 10. M. Onoe, T. Shinada, K. Itoh, S. Miyazaki, Low
ved it subsequent realizations. In particular, the Frequency resonators of Lithium Tantalate, Proc.
128 KHz range does not bring out the full potential 27th Annual Symposium on Frequency Control, 1973.
of Lithium Tantalate since its preferential opera-
tional frequency is approximately 250 KHz.

In fact, the realization of a filter at 250 Khz
presents undeniable advantages. The large external
shunt capacitance permits a relatively easy tempera-
ture compensation of the parallel resonance frequency,
the Q-factor is adequate for this frequency and
finally the overall dimensions of the filter are
reduced by half.

In fine, one may arrive at the following
conclusions concerning the use of Lithium
Tantalate for channel filters t

- LiTaO3 filters provide an excellent
alternative to the use of mechanical filters

- the overall dimensions of the filters
compare favourably with those of comparable mecha-
nical filters

- the realization of LiTaO3 resonators

will benefit from the experience and technology
acquired with quartz resonators.

- At present, LiTaO3 is expensive ; its cost
will fall if LiTaO3 filters are shown to be compatible
and competitive with the filters used at present in
this domain.
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BANDWIDTH 4 KHz

OPERATING QUALITY NORMKALIZED TEMPERATURE VAITO IN
FREQUENCY FACTOR(Q QUALITY RCTOR COEFFICIENT VA FRAtO IN5

(K Hz (q) PER *C

L-C 25 250 40 5.10~ 31

MECHANICAL 100 15.000 600 -.66 .

CERAMIC 100 500 20 1.105 25

FERRITE 100 10. 000 400 5.1601

QUARTZ 5000 6.1ps 5.10 63

LI TA 03 200 50.000 1000 2.10 10

TABLE I

100 Ative(dB)

N1w ------------- X~

0

0,001 001 01 1 0 10AF(Hz)
010 1 10 100+200+400 +800 +2.400 +3S&00,1 01+300+600 +3000

Fig. 1I Limitation, for different technologies Fig. 2 - Frequency liaito in the paaaband

216



i/itIAI A (ms)

0,7

so

I 15
p -I

10 (A2
30.... . --!

T T

S I Ii

- , I-- 0,7 .
6 I I I gI

I I I I II . . .I --

I " --------------- 'AF(Hz) : : F(z
S I I _ .: .

-300 .4300 -43B6Oi 130 .500 +1000 +,-2600 +.3000
- 2009) Fp*50 +.4000 -4600.

Fig. - frequency limtts in the etophend lPg. 4 - Variation of the gOp-dlq

1 0 log (A) 2

• --LF--IU-x r _ _ _ _

(a) F! . 5 - L d dee Flter (b)

___ I

(b)
Ig. 6 - Le..--..a Oesr filter. after q~atlheeL

217



381020 09531 17

9 1

,2108 0 )055 0,133 5144
Fig 27 '"1095 i,26d

110 T1,44338

20 9 5 5 4 3 2 1

Fig. ~ ~ ~ ~ ~ ~ Fg 7 -rasrainofte1 t,2 N omand ied otepa fialtear te

56,6090 :1 39,4364 42,4877 54,4206

50,04122

CELL 76 4 CEL3 EL 2 CEL1
Fig 8 --Transformation-of the-I-----2-----an--3rd-steps-a - at- step

- ~ ~ ~ ~ ~ ~ b --- --- --- t------ p-----
56,6090 39,4364214,87 440



(C) 3 rd top

L2 L2 L2 L2

50,4155 C-1 C-3 C-I C-3' CC-3 43C- C-
--ri C2 VC2 C2 FC2

0,198351

L-2 L-2 L-2 L-2

____T__C 2T TC C 2L C32T c.2T{
CELL. 4 1:k 4  CELL3 1: k 3  CELL2 1: k 2  CELL. 1 1'.

Pig. 9 a Remindier of the tranafozuation (a) 4 th step

L2 L2 L2 L2
0,4155 C4I 2,6074 fjf'l 2,7140 rO 1,4530 C-3

C2 C2 C2 ' C

L-2 L-2 L-2 L-2

l 6,4 4b9T2  6,7121. C3

C__C-2_C-2C 2TT
I-1:W4-0,9683 1:1(3-0,0857 1:k' .0,5470 1:k

219



L2 L2 L2 L2

W C2C2 C2 C2

2 L-2 L-2 L-2

C I 1  C-2

I:1: ' I k' 1:k 11,4705
3 2

(C) 6th step

0,014517 ,08783 401166 0,04987

Q67536 2.5223np 2,6074 2,5446fr 1 t0839 0,92066

1,7~ 6,536 11Q6844 8Z42218 19,1679 L

5,710Q2021o15,5122 4,60567 10314 8,2848 2,083T TT41696 37248 49146 964 0I Q2247 0,09972, 0,12435. 05051.

8,64:1 (a) Elimination of all ideal transformers 1:0,4681

Fig. 10- End of the transfozation

N 0Y 0 N
0 -in 0 OD ,- .

In 0 N 0' I
0 0 *0

2,4302 2,54739 2, 69104 1,00795

T T LTT
(b) Introduction of the piezoelectrio rsonator.

220



54,0288 mH Qs Q Q4 Q2 17,75 pF

F-1-- 7A-lM[--

'300pF Q7 05 003 t0l F-01T4kf TTo T T T 197,Pk

8,64:1 (C) Denormaliaation 1:0,4681

(a) (b)
Fig. 11 -Equivalent electrical circuits

a ) - General equivalent circuit

b ) - Equivalent circuit for the fondamental

Soo LF (10
F

800

400

300. a

o ,r200

100

Lg 00

-100

00b)
Fig. 12 .IKtosional mode of viblation

.30o
0 1so' 196 T c)

Re1. 13 -Pquenc tmperaturm abaaterutaoe

aSerie rimoano

b ) Prallel mam

221



Y

Fp+300Z 4340 HZ

Fig. 14 - Variation of the out-angle

x Fig. 15 - Pams-bend 4 types of resonat±ors andi series i-nductanoe

10O1ogIHIa 772 I

-0-

-20/

-30 /
-40 /

-60 *'

-70

Fp F(kHz)

Pig. 16 - Attenuation (4 types of resonators and series inductance

c L C

I__ 2
(a) (b) (C) 2

ftg. 17 - Equivalence 7r =AP Jaulm

222



:3, 0D M4 02 2

00
l~log HI' 00

-10

-30

0 p +30H4040

-0S43-----2-W

Fp +300*42 +340zPp +0H+30z

P14- 1 - 1 Ps -n Pa- a + t 25 9 0 eosmagr 40 typos-Peea tth e~na. f



A 9(ms) 0
-+250C

--- +60 0 c

0,75 1

0,5

0i
Fp 1000 2000 3000

Fig. 23 - VariationsO of the grOUP-dal87

compensated filter)

PHOTOGRAPH I

PHOTOGRAPH 11

224



1.2 GHz TEMPERATURE-STABLE SAW OSCILLATOR

R.D. Weglein
Hughes Research Laboratories

3011 Malibu Canyon Road
Malibu, California 90265

Abstract 1.2 GHz FILTER 5331-1

An experimental 1.2 GHz SAW delay-line oscillator 10dB COUPLER
is described and its performance critically analyzed.
The key element of the oscillator is a 0. 1% bandwidth
SAW delay-line filter, consisting of a 300 A thick
Al transducer pattern containing 600 elements each
0. 7 pm wide on a temperature-stable, rotated y-cut I
quartz platelet. The transducer thin-film pattern is Ar
fabricated by l0X reduction photolithography using pro- ',
jection printing from a precision reticle mask on a
laser interferometer-controlled photo repeater. The
parabolic frequency variation with temperature is
centered near 40"C in this device; this 40°C can - AMPLIFIER
be positioned over a wide range in both directions by
adjusting the crystal cut and metal-film thickness.
The noise spectrum close to the carrier is presented CONDITIONS FOR OSCILLATION
and compared to prediction. Finally, the initial fre- - r
quency drift characteristics of the oscillator are
described and mechanisms for the variation of fre-
quency with time are discussed. Figure 1. 1.2 GHz SAW oscillator schematic.

Key words
Surface Acoustic Wave (SAW), Microwave Oscillator
Temperature Stability, Aging, Projection Lithography.

second transducer as a means of effectively reducing

Introduction intra-transducer reflections. In the absence of propa-
gation loss, this transducer configuration results in a

The development of microwave SAW oscillators is filter group delay of 410 nsec. The resulting SAWfilter
currently motivated by both economic and performance was installed in a standard MIC circuit frame and
considerations. First, the high-frequency operation connected to the 50 0l microstrip lines with thermo-
above I GHz using planar, narrow-band, and compression bonded 1 mil Au wires. The package was
temperature-stable SAW filters promises economic designed in such a way that the bonding wire length
future procurement, in part due to the reduced need provides the necessary inductive tuning for series reso-
for frequency multipliers and their tttendant complexity nance of 1. 2 GHz. In addition to the SAW filter, the
Second, their immunity to vibration permits their experimental oscillator assembly, shown in Figure 2,
use in several applications where high spectral purity includes a hybrid production amplifier (gain = 23 dB,
must be maintained in a vibration-prone environment, saturated output power = +1 3 dBm), a rigid cable sec-
In this paper, the characteristics of an experimental tion for external delay, and a commercial 10 dB
1.2 GHz SAW oscillator are reported. In this range, coupler. The large decoupling simultaneously mini-
performance based on the low-frequency analysis mizes loop loss contributions, which raise the oscil-
deviates somewhat from predictions. One purpose of lator noise floor, and provides for increased frequency
this paper is to describe the measured oscillator stability in the face of impedance mismatch variations.
characteristics in the areas of fabrication, spectral
purity, and temperature sensitivity. Some prelimi- SAW Filter
nary measurements on aging properties of the SAW
oscillator and their relation to the low-frequency The SAW filter patterns, described above, were
bulk crystal devices are also reported. fabricated on a large quartz plate of 380 rotated, Y-cut

crystal orientation. Projection printing4 
from a 10X

Basic Oscillator Design reticle produced up to 10 patterns on 5 mm x 10 mm

centers (see Figure 3) by the step-and-repeat method
The experimental evaluation of a SAW oscillator with lift-off lithography. The Al metallization provides

requires some degree of flexibility so that the effects film patterns 300 to 350 A thick each containing 600
of the individual feedback elements may be ascertained electrodes approximately 0. 7 4m wide and 526 I±m
unambiguously. With this in mind, the layout of the long. A portion of one such pattern is shown in
oscillator feedback loop, shown in Figure 1, has been Figure 4. The electrode width, slightly wider than
initially organized with discrete components that in- the desired 0.66 1 rm, has a bearing on the resulting
dude the SAW filter, amplifier, external delay, and filter center frequency and on the accuracy with
output coupler. A stable oscillator produces a fre- which the turnaround temperature TO can be predicted.
quency f,, at which the total loop phase shift 4.T con- The latter aspect is treated in a later section of
tains an integral number (n) of Zr radians, as shown this paper.
in the figure. The SAW filter design follows the mode-
selection technique 2 

with an aperture of 200 wavelengths The frequency response of the series-tuned SAW
and a mean transducer center-to-center spacing of 500 filters is shown in Figure 5. The frequency at the
wavelengths. Each of the two transducers contains 100 minimum insertion loss of 20 dB corresponds to the
electrode pairs, one in a closed array and one in a oscillator frequency of 1. 187 GHz, slightly more than
thinned-array configuration with 20 periods in each 1% lower than the design frequency of 1.2 GHz. By far
of 5 groups. Blooming sections were introduced in the the largest contributor to this error is the velocity
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Figure 4. Portion of interdigital transducer pattern.

Figure 2. Experimental 1. 2 GHz SAW oscillator
assembly.
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Figure 5. Frequency response of 1. 2 GHz SAW
filter,

Figure 3. Multiple SAW filter patterns on quartz
substrate by IOX projection lithography.

low to preclude measurable contribution in the oscil-

slowing caused by the metallic grating structures; lator noise pectrum; it is also consistent with
this velocity slowing is several times lapger

5 than predictions.
that predicted from perturbation theory. The mea-
sured insertion loss is consistent with a propagation Oscillator Noise Spectrum
loss of 6. 5 dBILsec at this frequency. Further con-
tributions to the insertion loss result from a thin-film The noise characteristics of the SAW delay line
ohmic transducer loss that corresponds to about three oscillator have been amply treated in the literature.

3

times the bulk resistivity for Al and to the distortion
7  The noise spectral density may be defined by two rele-

in the closed array transducer response produced vant parameters, the noise floor
by mass loading. The predicted transducer responses
do not coincide. Their relative shift is due to the A kT F
large velocity perturbation that was also responsible N , ()
for the reduced frequency, discussed above, produc- loop

ing a lesser frequency shift in the thinned array
transducer. Some evidence of triple transit echo and the intercept frequency

is seen in the rippled slope of the central pass
band. The largest secondary peak near 1199 MHz (Z- rg)l (2)

(-II dB relative to the central response) is sufficiently N g
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below which the noise spectrum rises at a 20 dB/decade 60 92-SRI

rate. In these expressions, A and F are the amplifier
power gain and noise figure, respectively, k is the
Boltzman constant, T the ambient temperature, and Tg

is the group delay of the SAW filter. The group delay I
for a particular filter may be obtained from its rela- 80
tionship to the phase slope near the filter center fre- 2 \
quency, given by K

2rf T (3) I( 'O\ X

0 NOISE THEORY
A network analyzer and a variable frequency or sweep- N E
signal source may be used to determine dO/df. 0

Using the parameters shown in Table I, the 120 L
predicted noise intercepts and the experimental Z
noise spectral density are plotted in Figure 6. -D
The experimental data was measured by two differ- X
ent methods. The solid curve was obtained at X- Z
band with an 8-times multiplier on a standard m 140 -6 X-BAND
Hughes noise test set. The test set involves a NOISE FLOOR
microwave discriminator using a stable high-Q
cavity resonant near 9.6 GHz. The resulting data TWO OSCILLATORSwas normalized to 1.2 0Hz by subtracting 18 dB * P LOOP \ 

z
(or 20 log 8), where zero noise contribution from 16 -......

the frequency multiplier was presumed. This
curve agrees well with predictions except near the
noise floor, where the sensitivity of the noise test INTERCEPT FREQUENCY, 0.40 MHz
set itself is measured rather than the oscillator
noise floor. 180 I_

100  102  104  106  108

OFFSET FREQUENCY. Hz

Table I. Feedback Loop Parameters

Figure 6. 1.2 GHz SAW oscillator noise spectrum,
Amplifier gain 23 dB

Noise figure 4 dB Turnaround Temperature

Loop power +10 dBm The zero temperature coefficient of delay (TCD)
Group delay 0. 397 sec for surface acoustic waves on the free surface of

X-propagatior quartz is a function of the rotated
Y-cut angle e.' In addition, the presence of a con-
tinuous Al film on the quartz SAW substrate has been
shown to reduce the turnaround temperature T o at
which the zero TCD occurs.1 0 Recently, the effect
of a periodic metallic transducer grating on quartz
has been theoretically calculated and experimentally
verified for the case of continuous grating of equal

The second measurement method involves two stripe-to-gap ratio.ll These results have been
1.2 GHz SAW oscillators with approximately equal used to compute the temperature shift AT o as a
parameters. One oscillator is phased locked (loop function of the normalized film thickness Zrh/k and
bandwidth = 100 Hz) to the second one by introducing fractional metal coverage 6, typical of SAW oscilla-
a voltage-sensitive phase-delay element in its feed- tor filter patterns, under the assumption that To
back path. The two oscillators are therefore at varies linearly with 6. The linear dependence
the same frequency but in phase quadrature. The assumption is based on the work reported in Ref. 10.
resulting noise spectrum is measured on a low- It is further assumed that this function is independ-
frequency spectrum analyzer, and the results ent of the plate-normal anole e over the range 32 °

(dashed curve) are plotted under the assumption < 6 < 43, where 8 = 42. 75 corresponds to the
that both sources contribute equally. Spectral popular ST-cut orientation. Computations are shown
noise data obtained from this type of measurement in Figure 7 for an Al film on Xopropagating quartz.
may be in error at low offset frequencies unless For typical metal coverage found in SAW oscillator
adequate isolation exists between the two oscilla- filter patterns, the reduction in To may be substan-
tors and unless the bandwidth of the phase-locked tial at microwave frequencies, since the Al film can-
loop is smaller than the lowest offset frequency not reasonably be made thinner, These curves and
noise component to be measured. Thus, at offset those from Ref. 9 were used to design the 1. 2 GHz
frequencie5 ies than 200 Hz, the phase-locked oscillator with a TO slightly above room tempera-
loop noise data tends to bend erroneously over and ture. If To is to be at 30°C, for example, then,
cross the predicted 20 dB/decade line. The loop with the desired film thickness (h = 300 AL) and
bandwidth is currently being reduced to 10 Hz to metal coverage (6 =0. 24), a downward shift in To
improve the accuracy of low offset frequency of 26" C, as predicted from Figure 7 , would require
measurements. a rotated Y-cut angle 0 = 38.

227



0Dst.-I Table If. Turnaround Temperature versus0 Meal-11ag~ )

Frequency. Zwh/h 6 1 To -&T. - Tth,
0-10 MC C 0 C

12002) 0.05 0. 16(0. 24 40 56 16 9 (17)

1Z00 0. 072 0.24(0.36) 33 56 23 26 (40)
"T 1200 0. 072 0. 24(0.36) 20 56 36 26 (40)

u,
wU 0.1 1005(3 0.06 0.20(0.29) 33 56 23 16 (ZZ)

__-30 1005 0.06 0.20(0.29) 40 56 16 16 (22)0.2 00 .002 5

c Al on ROTATED 1005 0.06 0.20(0.29) 35 56 19 16 (22)
Q. Y-CUT QUARTZ

_ -40 (1)380 rotated Y-cut quartz

(2)Stripe to period ratio 0. 7

8= (3)Stripe to period ratio = 0.6

-50 14)( ) assumes transducer center-to-center spacing.0 2 4 6 8 10

2-h x 10
-2

These results show that the turnaround points

Figure 7. Effect of metal coverage on turnaround may be approximately predicted, but that some scatter
temperature T. should be expected. The difference in To betweene t the two oscillators probably arises from variations

in the stripe-to-gap ratio, which is difficult to measure

The frequency variation with temperature accurately in these fine geometries.
of two SAW oscillators and one SAW filter are Frequency Drift with Time
shown in Figure 8, all of which have the 38* plate
normal orientation. Although the SAW devices used The aging characteristics of SAW oscillators
in the oscillators were of identical design, the SAW have received relatively little attention.1 2

.
1 3

Sub-
filters did not use the bloomed anti-reflection stantial similarity appears to exist between SAW
gratings; this reduced the metal coverage. The and bulk crystal devices insofar as aging mechan-
To's of the two oscillators are located at approxi- isms are concerned. In part, this similarity arises
mately 18°C and 31°C; the T o of the SAW filter is at from the materials common to both devices, namely,
is at 40°C. The results from these and from several the quartz crystal plate and the Al thin-film elec-
oscillators of somewhat lower frequencies are sum- trodes. Important aging mechanisms relevant to
marized in Table II. Here, T o refers to the measured both SAW and bulk devices are given in Table IMI.
turnaround point, Tof to that of the free surface, and
AT and Tt, denote the measured and predictedex TbeII cutcOclao
temprature shifts, respectively. A ing MchaismsAging Mechanisms

Mechanism Activation Energy, V
EFFECT OF METAL FILM COVERAGE

0 Metal film surface oxddation 0.21

0 FILTER Metal film stress relief -
Q, ONLY

20 Metal film substrate adhesion -

L1 Diffusion across interface < 3

Substrate defect stress relief -

2 OSCILLATOR Contamination

Encapsulation-related etress
0J60-
2Loss of hermeticity

0
For the most part, the aging rates are not known.

U. Ovr observations with the 1. 2 GHz SAW oscillator
8> supports the premises that frequency drift resulting

- 100 FREQUENCY 1.187 GHz from surface oxidation on the Al film is quite rapid
4 (low activation energy) and that the initially observed

negative aging rate during the "burn-in" period is
e120 I directly related to the mass increase caused by

-20 -10 0 10 20 30 40 50 80 70 S0 oxidation.

TEMPERATURE, C The initial aging rate (frequency drift) of one of

our 1. 2 GHz SAW oscillator was monitored continu-
ouslv for more than 80 hr using a frequency-counter/

Figure 8. SAW oscillator temperature characteristic. D/A-converter/chart-recorder combination (see
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Figure 9). Immediately after fabrication, the SAW ambient atmosphere.' 5  The low activation energy
device used in this test was assembled (see Figure 2) of this process (Ea = 0. Z eV) precludes long-term
without the special post-processing commonly fol- effects (i. e., longer than about 30 days) at room
lowed in the assembly of bulk crystal resonators. temperature. Several pre-aging processing tech-
The aging rate was approximately exponential with a niques practiced in bulk crystal technology may be
logarithmic decrement of about 9 hr, which is in used to reduce this aging mechanism (and others
substantial agreemenst witk the known oxidation rate listed in Table II) and thereby increase lon-term
for Al 0 3 film growth. The total frequency stability in high-frequency SAW oscillators. 6
drift during the observed period was 35 ppm.

Summary and Conclusions
6331-BRI

0 533-1R The charactristics of an experimental 1. 2 GHz
SAW oscillator, escribed in this paper, are sum-
r10marized in Tabl IV. Modular construction was

E.1-GH0 used so that the ndividual components of the feed-tfo = 1. 19GHz back loop could e separately evaluated and easily
rP = -dBm interchanged. rojection lithography (lOX) yields

the excellent definition in 0.7 m electrode geom-
>_etry that is req ired for this frequency range. In
Z -30 - spite of the larier than anticipated effects of the metalfilm on freque cy, the result of velocity slowing, a
, 20 dB device i sertion loss was obtained with a 3 dB
. -40 bandwidth of 0.08%. The insertion loss of the largest

side lobe in the frequency response is II dB higher.
Good agreement is obtained between the measured noise

-50 t I [[ spectr and the theoretical prediction; the predic-
0 10 20 30 40 50 60 70 80 tion is characterized by an intercept point offset

0. 4 MHz from the oscillator frequency and a frequency-ON-TIME, h independent noise floor of -157 dBm.

Figure 9. "Burn in" characteristic of 1. 2 GHz SAW Table IV. Characteristic. f the 1. 2 GHz
oscillator. SAW Oscillator t ll

The effect of a mass increase on frequency _

change resulting from surface oxidation may be esti- Frequency 1. 187 GHz
mated from perturbation theory,6 as shown in
Figure 10. The estimation is made under the assump- Circulating power +10 dBrn
tion that the observed frequency shift (velocity slow- Power output (10 dB coupler) +0.3 dBm
ing) is due to the increased average mass of the oxi- 0 7,0

dized film. The mean density p of the oxidized film Temperature sensitivity at Zb°C 8 x 10"7,°C
is larger than the Al film of thickness h(p = 2.7 gm/ Temperature sensitivity -31 x 10

- 9

cm 3
) because of the higher density of the A1 2 0 3 sur- T 2 2

face layer of thicknessAh(p = 3. 96 gm/cm 3 ). If one I(- 30) C)
assumes that the velocity slowing varies as p0 .•the Frequency stability 10

" 9

expected fractional frequency change is given by 10" 
5 < T < 10 sec

Filter insertion loss 20 dB
-4 h Single-sideband noise power per | -148 dBc (-157 dbc)

A. f_=4. x1O 4 h (4) Hz(at 0. 25 MHz

5331.25 (1)380 rotated Y-cut quartz

I- A 2 03 ( P - 3.96)

The effects of mass loading on To , the zero tem-
Al (p 2.7) h perature coefficient turn-around temperature, were

discussed. Temperature stability near 30°C was
achieved by properly choosing the rotated Y-cut angle(0 = 38 ° ) so as to offset the downward shift in T o due

to the metal film. Finally, one of the aging mechan-
isms, Al-film surface oxidation was observed and its
effect on long term stability analyzed.

(p- gm/cm3) During this study, no fundamental problems were
encountered that would preclude the extension to higher
microwave frequencies. The use of the space har-

Figure 10. Oxidized Al-film on quartz substrate. monic transducers with the 0. 7 Vm electrode geom-
etry could readily extend the frequency to 1. 8 GHz,

Therefore, a 100 change in oxidized film thickness including a moderate decrease in the effective oscil-
(=30 A) would lead to a downward frequency drift of lator Q. Further increases in the frequency of
46 ppm. The observed frequency drift during the microwave SAW oscillators are possible through high-
80 hr period has the correct sign and falls well resolution electron-beam fabricationl 7 and the
within the range of both the magnitude and formation employment of a new mode of propagation using
rate known for the oxidation of Al films exposed to surface-skimming bulk waves.18
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TUNING QUARTZ SAW RESONATORS BY OPENING SHORTED REFLECTORS

Ronald C. Rosenfeld, Thomas F. O'Shea, & Steven H. Arneson
Motorola, Inc. Communications Division

Schaumburg, Illinois 60196

ABSTRACT. High Q surface-acoustic-wave LSAW) resonators, like bulk-wave resonators,
must be tuned to precise resonant frequencies. At VHF and UHF the required tuning accuracy
may be a few parts per million. One technique for tuning SAW resonators is to fabricate the
resonators with reflector strips that are shorted at both ends and then to open the reflectors
with a laser until the desired frequency is reached. The frequency shift is caused by the
surface-wave velocity difference under shorted and floating reflectors. In this paper, experi-
mental data is presented for the tuning of single-pole, 155 MHzaluminum on ST-quartz resona-
tors and a concise theoretical expression is developed that accurately models the frequency
shift. The effects of tuning on transverse -odes for a single and two pole resonator are
dircussed as well as the effects of tuning on the series resistance of a singlp pole
resonator.

Introduction Marshall' demonstrated a 300 ppm shift between
completely shorted and completely opened re-

Resonator Geometry flectors on ST-quartz substrates. In the
following discussion, the frequency shift will

Single-pole surface-acoustic-wave (SAW) be examined for partially opened reflector
resonators consist of two sets of periodic arrays and a useful theoreticjl model will be
reflector arrays that form a resonant cavity derived.
with a thin-film interdigital transducer that Theoretical Analysis
couples energy to the cavity as shown in
Figure 1. The reflectors are commonly formed Model
by grooves in the substrate or aluminum
strips on the substrate. Grooved-reflector The frequency shift is calculated by
resonators have demonstrated the highest Q modcling the opened and shorted reflector
while aluminum-reflector resonators are arrays as two-port junctions using scattering
simpler to fabricate since the reflectors parameters, joining the junctions to form a
and transducer are fabricated in the same resonator circuit, and then deriving the
processing steps. Also, metalized-reflector frequency shift as a function of geometry,
resonators are easily tuned by the technique acoustic impedance mismatch, velocity change
discussed here. and number of opened and shorted reflectors.

The resonator circuit is shown in Figure 2
where junctions A and B represent the opened
and shorted sections of one array, R represents

REONATORTUNING the other reflector array, and the cavity is
BY OPENING SHORTED REFLECTORS represented by a transmission line of length

ONATOR GEO: L. The scattering coefficients for each re-
flector array are calculated from Sittig and

Coquin 2 . Approximate expressions for magni-
[1 H [Itude and phase of reflections from the combin-

ed reflector array are derived which are
valid under the constraints that acoustic

FIGUREI impedance mismatch, opened and shorted veloc-
ity difference, and frequency shifts are

IOWYALENK'CIRCUI: small. The effect of a transducer in the
cavity can be ignored since the transducer
characteristics do not change significantly
over small frequency shifts.

FIGURE2
Cavity Resonant Frequency

In resonators, resonance occurs when the
round-trip wave propagation phase adds con-
structively. Thus, for the cavity in Figure
2, the resonant phase condition is

Tuning -2kL + 0 + - -2fm (1)
If aluminum reflectors are shorted at

the ends, as shown in Figure 1, the resonant where 0 and T are the phase of the reflection
frequency can be easily adjusted by opening coefficients, r - roeJ-, 7 - ToeJ , k - 2sf/vO ,
the reflectors with a scribe or laser. The and L=nlo/2. The "barred" terms refer to the
frequency shifts upward because tne surface left reflector array. Throughout this analysis
wave velocity is higher under the opened it will be assumed that resonance oi a cavity
reflectors than under the shorted reflectors. formed by completely shorted reflectors occurs
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IM .

at the center frequency fo of the reflector Equation 5) can be used to eliminate A22
arrays with wavelength Ao, that the reflec- from Equation 4).
tion phase * of a shorted array is zero
(or a multiple of 2ff) at resonance, and that A.2 can also be removed from Equation (4)
the velocity vo in the cavity and shorted by using the following phase and amplitude
reflectors are equal so that n = m in the relations resulting from conservation of
above equation. These assumptions affect energy in lossless reciprocal two-port
only the absolute resonant frequency, not junctions'
the frequency shift to be calculated here.

a1 2 = all + a 22 ± (6)
It will be shown later that the reflec- 2

tion coefficient phases can be expressed as

(f) = OlAf/fo + t 2 Aivo A 1 1 2 + I A .1 2 = 1 (7)
(2)

f(f) = 1 Af/fo + "2 AV/Vo Substitutig Equation (5b) into Equation (6)
gives the phase of the transmission coeffi-

where Af = f - fo, Av = v - v,, with f being cient in terms of the phase of the reflection
the new resonant frequency and vo the veloc- coefficient
ity under the opened reflectors. 0, and *2 Af
are functions of the reflector array geometry a1 2 

= a,, - Ho (8)
and acoustic impedance mismatch. Substitut-
ing Equation (2) into Equation (1) leads to
an explicit expression for resonant frequency With these relations the expression for the
shift due to the opened reflectors, cascaded reflection coefficient, Equation (4),

becomes
Af $2 Av/vo + * 26v/vo (3)
fo 2nn- 1- r- - A 1 1eJalI [1 + (B1 /A11)eJ(ai i+8llAf/fO°

1 + AB 1 1eJ(aB i + a - irf/fo)

Reflection From Two Cascaded 
Arrays

(9)
The new reflection coefficient of two

cascaded arrays is calculated from the re-
flection and transmission coefficients of
the shorted "B" array and opened "A" array where the absolute value signs have been
shown in Figure (3). dropped for convenience.

REFLECTION COEFFICIENT OF
TWO CASCAPED ARRAYS Close to resonant frequency where small

angle anproximations of sin x x and
cos x l are valid, the magnitude and phaser u Z]DFOBl of Equation (9) become

. A.,* A. all + Bi _ AlIB1

FIGURE3 [All + B1 1  1 + AllBll

The new cascaded reflection coefficient is (a 1 1 + 8 - irAf ) (10)

r= A1  +A 1 2311
1 - A2 11  oeJ (4)

B A 1  (11)

where 0 1 + AllBlA1 1 = ±1A11 IleJai1

The next step is to derive the magnitude
iA IJl and phase of the single A and B arrays to useA1 2 ±a 212 in these cascaded array equations.

B1 1  , ±IB11 10
8 11 Shorted Array B

From array symmetry and the particular Appr-ximations for the reflection phase
choice of reference lines in Figure (3), and amplitude of a single array can be derived

from reference 2 as was done in reference 4.
JA111 JA2 21  and (5a) If the impedance mismatch ratio in shortedarray B is Zb - Zb, / Zb3  where zb2 and zb,

a , a, , 7r (1 + Af) (5b)
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are impedances of the line and gap, respec- Combined Arrays
tively, nb = number of reflector sections,
and the line and gap transmission length are Substitution of Equations (12), (14),
equal, the amplitude of the reflection co- (15) and (16) into Equations (10) and (11)
efficient is2  gives the expressions for phase and ampli-

2nb  tude of the cascaded opened and shorted
Zb2nb + 1 (12) arrays + B " AiBii

and the phase of the reflection coefficient - l_-S(n.Za) (1 + Aj1 *- 1  I+A11 B11
can be shown to be (17)

A f + IS idZ A .B a A 1 18 1
Ol - 2(zb' + 1) 4zb Sb,zb) zo(. +AB

(zb + 1)2 - (zb + 1)2

where (13) *=[ -V (1+ B1 1  -A 11B11where f2= - -S(na,za)" A12 +B11  l+A,1B11
S(nbzb) Za2na Zb2nb (nb b 1) z2na z2nb- 1sinh(nb Zb') r°=Za~h  z2nb + 1 (18)

and - 1 b na b

zb = Z9 The factors in Equation (17) involving

the amplitude terms can be simplified if

For small impedance mismatches (zb;l), Za mzb and the total reflection amplitude
Equation (13) reduces to I- l 1, as is true for the resonators dis-

cussed here. With these approximations,[ 1 ] .14) Equation (17) becomes
=  SIbZb To (14)

The w/2 in Equation (14) arises from the 2 1 S

choice of reference plane at the edge of the 2 -- S(N,zb )
reflector line. Equations (13) and (14) are (19)
similar to equations in reference 4 except and
here the sign of the reflection coefficient
is explicit in the amplitude term instead of T 1 1 + JBItl
the phase term, and small Af approximations 

=
- - S(na,za)I 1+ A2 2 B

are assumed. 1 -

where N = na + nb. Note that 0,, the phase
Opened Array A term accounting for propagation distance to

the effective center-of-reflection within

The reflection coefficient amplitude of the array and back, is now a constant inde-
the opened array A is similar to Equation (12) pendent of the number of opened and shorted

reflector strips. This is not valid if the
A = Za2na - 1 impedance discontinuity changes significantly

as the reflectors are opened since, in that
Za2na + 1 (15) case, the effective center-of-reflection

changes.
where Za = za2/Za2 and na is the number of
opened strips. Note that za may not equal The frequency shift of a resonator having
zb if the impedance ratios are different for one cascaded reflector array characterized by
opened and shorted reflectors as they are for Equation (19) and the other reflector array
the quartz resonators discussed later. characterized by similar expressions is then

given by Equation (3), repeated here,
The expression for the phase of opened

array A is similar to Equation (14) except
that the center frequency of array A does Af - 2 AV/vo + T2 Kv/v0
not occur at f_, but due to the velocity 0o= __ _-_(20)

shift through ?he opened array (Lw - v - vo), 0n - - (20)
the center frequency is given by fo' =
fo(l + Av/vO ). Thus, the phase of the
opened array A for small Av/vO becomes Equation (20) is compared with experimental

in (< )data in the next section of this paper.a Tr . f V6v (1
sl - ~naZa)j fno -Vo / (16)
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I ARRAY #

Experimental Data z. W b-

Series Resonance Shift 
go

The 155.782 MHz SAW resonators used in 
1-

this work were fabricated of aluminum on STaMAIU MRAquartz. The resonators had a cavity size of - _ AIMM ~
41.5 wavelengths which contained a 40 split- 20
finger pair transducer. The aluminum thick- L
ness of the reflectors was 3000R. The re-
sonator was placed in a balanced hybrid 0 s ,o SO n
circuit and the minimum loss resonant fre- NUMER OFEFLECTORSOPENED

quency was monitored on a spectrum analyzer FIGURE 5
together with a frequency counter as the
reflector arrays were opened using a zenon
laser.

Figure 4 shows a plot of the shift in Both the theoretical and experimental
series resonance frequency in parts per work show that the series resonance frequency
million against the number of reflectors changed most rapidly when the reflectors
opened in the first array. Here za and zb  close to the cavity are opened. Figure 6
are the line to gap acoustic impedance plots the resonance frequency shift against
ratios for the opened and shorted reflector number of fingers open per side; in this case
sections. The change in velocity from the there was symmetry about the cavity center as
opened to shorted sections Av/v0 was extracted to the number of fingers opened and shorted.
from the work of Marefield and Tournois6 . Here the data again fit well to the theoreti-
The theoretical curve followed experimental cal until there were some 150 reflectors
data to within measurement tolerance. The opened per side,. at which point the data
shift due to entirely opening the first re- again began to pull away from the theoreti-
flector array was 90 ppm. cal curve because of transverse mode inter-

ference.

N - 2 SYMMETRICALLY OPENED ARRAYS

-MAXIMUM E -OR -10 ;;Po

REFLECTORS OPEN P ER RID

NUMBER OF REFLECTORS OPENED REFLEC S OP PR SID

FIGURE4 FIGURES

Transverse Modes

Figure 11 is a series of spectrum analyzer
Figure 5 is a plot of resonance shift photographs illustrating at progressive

achieved by opening the fingers of the intervals the interference of transverse modes
second array where array one is already with the main resonance mode during the
entirely open. The average observed shift operation of laser scribing. The transducer
due to opening both gratings was 180 ppm. In in the cavity of this resonator was a 40
this plot the experimental data fit reason- wavelength uniform overlap split-finger type,
ably well for two out of three resonators which, because of its strong coupling to the
shown but there was a significant deviation transverse mode, made it a good candidate for
for the third device. In this resonator the observing these modes. As tuning progressed,
transverse modes began to interfere with the the main mode moved up towards the transverse
main mode - this effect has been correlated modes. The transverse modes remained rela-
with spectrum analyzer photographs taken tively fixed, but began to shift slightly
during tuning and will be discussed in more when the main mode closely approached them.
detail later.
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At this time we also began to see the devia- sistance is
tion in resonance frequency from the theore-
tical curve as was noted earlier. R1- RFi (22

It appeared in part 4 of Figure 11 that ( + IFI)(l + ITI) (22
the first transverse mode dominated resonance
after some 300 fingers were opened which was
in agreement with what Staples 7 observed in with
1975. The last insert of Figure 7 shows the 2na 2nb
heightened transverse mode activity charac- r = 1a zb
teristic of entirely open aluminum reflector za2na zb2nb + 1
arrays.

Two Pole Resonator The change in series resistance as measuredby changes in insertion loss were plotted

A two pole resonator whose center re- for both the theoretical case and for experi-
flector had 150 elements and outer reflectors mental units in Figure 7. The vertical axis
had 300 elements was fabricated with shorted gives series resistance in ohms and the
reflector arrays throughout. The configura- horizontal axis again indicates the number
tion of this aluminum on ST quartz, 155 MHz, of strips opened by zenon laser.
two pole resonator is shown at the top of
Figure 12. Also shown here are spectrum
analyzer photographs of this resonator in
the 50 ohm system before impedance matching. SERIESRESISTANCE
This figure shows the resonator at progressive S_
intervals of laser tuning. The average shift
in resonant frequency, as defined at top of
this figure, was noted after each interval. ,_
Photograph 1 (entirely shorted reflector
arrays) shows the characteristic two peaked R , 0.s)
response for the over-coupled two-pole 5. _

resonator and also exhibits a number of trans-
verse modes. Both cavity transducers were 0
unapodized. After opening all reflector ,__---_ __u

arrays a shift of 208 ppm was observed which
was approximately 20% higher than what was
predicted by a full two pole resonator
model including transducer effects. a so 00

REFLECTORS OPEN - FIRST ARRAY

This part of the experimental work also FIGURE?
proved out another advantage to this type of
tuning. The two pole resonator here was
mounted in a completely sealed package having
a glass lid. A zenon laser was thena glss id. zeon lserwas henThe experimental data fit was quite good
focused through this lid to open the metal The lasta ofth ara was opened
reflector elements, thereby correcting for until the last part of the array was opened.

freqenc shits ausd bypacage eolng. At this point the attenuation of the wave
frequency shifts caused by package se ting, through the reflectors diminished the change

in reflection coefficient resulting from
opening a reflector short in this part of

Resonator Series Resistance the array. Note that the slope of the
theoretical resistance curve in Figure 7

Since the impedance mismatch of the increased slightly as the reflector array
opened reflectors is less than that of the was opened from the cavity side, while the
shorted reflectors, the magnitude of the slope of the resonant frequency shift de-
reflection coefficient will decrease as the creased as can be seen in Figures 4-6.
array is opened. Consequently, the resonator The resonant frequency depends on the phase

characteristics, as described by its equiva- of the reflection coefficient for the com-

lent circuit (reference 5), will vary. For bined opened and shorted arrays. Since the
example, the decrease in r, given by Equation rate of the phase shift diminishes as re-
(18e , increases series resistance R The flectors are opened further from the cavityseries resistance for a resonator wtTh end of the array, the rate of the frequency
identical reflectors is shift also diminishes and approaches the

asymptotic limit of a completely open array.

i - iFl However, as shown in Equation (22), theR1 - Ra rseries resistance depends only on the magni-
1 + irI (21) tude of the reflection coefficient, not on

the phase. Since the opened reflectors
where Ra is the acoustic radiation resistance have a slightly smaller impedance discontin-
of the isolated transducer. Following the uity than the shorted reflectors, the reflec-
same procedure described in reference 5, it tion coefficient decreases and consequently
can be shown that if the reflectors are not R, increases as the array is opened. But
identical such that r # f, the series re- opening a reflector on the cavity side of

the array has approximately the same effect

- I I II I II III



on the magnitude of the reflection coeffi- The reason for that was that the theoretical
cient as opening a reflector on the far side curve gives the true series resonance as
of the array, so the series resistance curve measured by minimum loss point, whereas
is approximately linear. The fact that oscillator frequency is not only determined
there is a slight increase in slope is due by shift in resonant frequency of the re-
to the reduced total reflection coefficient sonator, but also by changes in the phase
of the opened reflectors which increases the slope of the resonator due to reduced re-
effect of opening the remaining shorted flection coefficient which is not included
reflectors. in the theoretical curve.

Oscillator Measurements Fabrication Tolerances

All previous measurements were made A batch of fifty resonators fabricated
using a spectrum analyzer together with from ten different wafers were measured in
frequency counter. This set up was useful the course of these laser tuning experiments.
because it gave not only series resonant The standard deviation of the resonant fre-
frequency as measured by minimum loss point, quencies of these devices is tabulated in
but also showed the effects of transverse Figure 10. The average standard deviation
modes on main mode during tuning. It also for the devices row to row was significantly
allowed for measurement of Ri by the change smaller than the average standard deviation
in insertion loss. This section gives data of wafer to wafer changes. This fact alone
for the shift in oscillator frequency of an indicated some substantial contribution to
oscillator network controlled by a SAW fabrication tolerances resulting from the
undergoing laser tuninq. photomask fabrication effects. But this data

does point out that it will be possible to
Figure 8 shows the oscillator circuit adjust for approximately 50% of the total

used here. Figure 9 is a plot of oscillator fabrication related shifts in resonance fre-
frequency shift as noted on a frequency quency by laser Lairning of shorted metal
counter against number of fingers opened in reflector arrays.
the first reflector array. Here we found
the data from the experimental units fell
significantly above the theoretical curve.

STANDARD DEVIATION CENTER FREQUENCY

SAW OSCILLATOR CIRCUIT

9+

WITHINl WAFERS .14i P9

WAFER TO WAFER IT oft

FIGURE 10

FIGURE 8

Conclusions

OSCILAT OR - FIRST ARRAY An accurate useful model has been de-
veloped for the frequency shift and series

0 resistance change as the elements of a shorted
metal reflector array are opened. Experi-
mental data has been presented demonstrating

0 oan overall resonance shift of 180 ppm for
& -- completely open to completely shorted array.

al The series resistance was shown to increase
S --- by 12% for single pole resonators having one

array entirely open. It has been demon-
* -v strated that it is practical to use a laser

to accomplish this tuning on active one pole
- - -and two pole resonators and resonators in

oscillator circuits. It has also been shown
Sthat resonators can be tuned In Situ by

Ell. ~MAYv focusing a laser through a glass covered
FIGURES package, thereby also correcting for fre-

quency shifts caused by sealing. Furthermore,
the affects of tuning on transverse mode
spectra were observed which suggests that

" - ..L,, : ... 't- ' m



tuning method could be used in the study of
transverse modes in SAW resonators.
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TRANSVERSE MODES -
TUNING ONE ARRAY

VERTICAL 2 dblDIV

HORIZONTAL 20 kHzlDIV

LOG REF. -6 db

1 - BEFORE TUNING
fo 154.620

4 - ARRAY 1 OPEN
2 - 80 REFL. OPEN RIGHT ARRAY 30 REFL. OPEN ARRAY 2

5 - ALL REFL. OPEN
3 - ARRAY 1 OPEN to = 154.634

FIGURE 11
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2 POLE RESONATOR
2 db/DIV; 20 kHzIDIV

REF -5 db(1, 2,3)

-6 db(4)

AfAV _ AV - fAVO xo

I AVO fAVO

fV = I, I'2

-- 4~

mr-t

1-BEFORE TUNING 3 - RIGHT, LEFT ARRAYS OPEN
%fft:O Aflf:123

2 - RIGHT ARRAY OPEN 4 - ALL REFLECTORS OPEN
\fif:65 Mf11:208

FIGURE 12
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TUNABLE VARIABLE BANDWIDTH/FREQUENCY SAW RESONATORS *

Jeff Stuart Schoenwald
Teledyne NEC

Palo Alto, California 94304

Abstract Z = (wL)2 R + jwLR(l - w2LC) (1)

A SAW resonator device is demonstrated such that R2 (1 - w2LC)
2 
+ (,j)

2

3 dB fractional bandwidths of .1% to .05% can be
achieved in the same device prior to implementation of where R = acoustic radiation resistance of large re-
input/output matching networks. Such matching networks flecting IDT, C = static capacitance, and L = variable
have a deleterious effect on shape factor and out-of- shunt inductance.
band rejection. The technique used is one in which two
or more resonant SAW cavities are acoustically coupled
in-line with reflectors between cavities controlling
the degree of coupling. If the coupling reflectors are (a)
formed as large interdigital transducers, then the de-
gree of coupling and consequent degeneracy splitting
may be controlled by loading the coupling reflector/
transducer with a suitable impedance. Input/output
transducers can then be matched for the bandwidth and
characteristic impedance of the coupled system, re-
ducing mid-band distortion and optimizing spurious sup-
pression and low shape factor. Forming end reflectors
as extended transducers and properly loading these al-
lows for additional degrees of freedom in tuning band- (b)
width and center frequency. Electrically cascading two
or more such "monolithic" SAW crystal filters provides
additional spurious rejection Thus, it is shown that
a variable bandwidth/frequency tunable monolithic SAW
resonator is feasible.

Summary ()R
A SAW resonator, fabricated on ST-quartz, using

metalization loading, is shown to possess 
variable band-

width and center frequency capability at the post-
fabrication stage of manufacturing. By designing the
reflector as an interdigital transducer (IDT) with many
finger pairs, it may be loaded by a reactive or resis-
tive element.1 The electrical phase and magnitude of
the resulting composite has a highly variable effect on
the phase and magnitude of reflected surface acoustic (d)
waves incident on the reflector structure. In a reson-
ant cavity structure, this results in a dramatic change
In the frequencies of cavity modes--enabling one to
control the separation of resonance frequencies and,
hence, the filter bandwidths. For the same reasons, Figure 1. Various device configurations dis-
but to a somewhat lesser extent, the center frequency cussed in text.
can be tuned. The use of such variable reflectors in (a) Transmission through a tunable reflector Rc.
multi-pole, SAW resonator filters results, effectively, (b) Transmission between an external IDT and
in a SAW equivalent of the monolithic crystal filter one located in a cavity formed by two re-
with post-fabrication frequency and bandwidth external flectors - R , which is tunable, and R,
tunabllity-the tunable monolithic SAW crystal filter, which may a~so be tuned, if desired.
Two-pole and three-pole filter examples will be demon- (c) Two-pole, two-port resonator.
strated. (d) Three-pole, two-port resonator.

The Tunable Reflector The real and imaginary parts of Z are shown in
Figure 3a, and the magnitude of Z in Figure 3b as a

Figure la is a schematic representation of trans- function of L for typical values of R and C, with L
mission between two wideband, SAW probe JDT's through varying over a range such that L and C are parallel
a reflector fabricated as a large JDT with many finger resonant in the vicinity of the cavity resonant fre-
pairs to which has been connected a shunt inductor. We
may specify a simple equivalent circuit. For this re- quency.
actively-loaded transducer (Figure 2), and write down It should be readily deduced that the phase of re-
its electrical impedance Z (neglecting parasitic re- flected waves due to regeneration vary as L is varied.1

sistance), as measured across the IDT: This is to be distinguished from waves reflected due
to mass loading, which is not affected by the tuning
process.

S.This research was supported by the Naval Air Develop-
went Center. Warminster, Pa. 18974, under Contract No.
N62269-76-C-0417; Ellott L. Ressler, Program Engineer.
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TA (a)

Figure 2. Simple equivalent circuit repre-
sentation of a SAW IDT loaded by a parallel
inductor as viewed from the electrical port.
R a= acoustic radiation resistance at syn-
cfconism, C -=IOT static capacitance, L =
variable parallel inductance.

800
, RAC - 740

C -tf
f to - 70 rlz .200 (b)

400•s 20

(a) '

200 -200

203 400 5013 00t
L (WANWOiERRfIES) (C)[

600 C

ia

(b) Figure 4. Transmission through a tuned200 reflector Rc as parallel inductance in-

creases (see Figure 1a). (a) Minimum
~inductance. (b) Inductance tuned for-200 LC resonance at band center. (c) Maxi-

mum inductance.

Vert: 10 dB/Div. Horiz: I MHz/Div.

200 400 6O0 800

Figure 3. (a) Real and imaginary impedance,
and (b) impedance magnitude versus parallel Ri
inductance of schematically represented trans-
ducer shown in Figure 2. ianr mp nc

Furthermore, because resistive dissipation will
also reach p maximum at peak reflection, it does not -L
necessarily follow that reflection is enhanced, al- CO L C r CO
though transmission attenuation does change dramati-
cally, as shown in Figure 4. T .

If reflection were enhanced as a result of reso-
nantly tuning the reflector, then the resonance re- Figure 5. Two-port, single-pcle lumped
sistance, r, as shgwn in the two-port (single-pole) element equivalent circuit. Ro - input/
equivalent circuit4 in Figure 5, would decrease as: output IDT acoustic radiation resistance

at synchronism; CO = input/output 1D7
r = R0  (2) static capacitance; L, C = motional in-

i + Irl ductance and capacitance; r = parasitic
resistance due to electrical and material

where Irl fractional amplitude magnitude of the dissipation losses.
surface acoustic wave reflected from one of the re-
flectors forming a resonant cavity, and R0 = tap IDT
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acoustic radiation resistance.

If this were the case, then resonance insertion
loss would decrease as reflector efficiency increases
by virtue of reactive tuning. Experimentally, this
is not the case, as will be shown. (a)

Tuning the Single-Pole Resonator

Consider the structure in Figure lb. As the re-
flector, Rc, is inductively tuned through resonance
at band center, a resonant mode appears whose fre-
quency decreases as the tuning inductance increases
(Figure 6). The point at which maximum transmission
attenuation occurs in Rc (Figure 4b) corresponds to
a condition midway between those observed in Figures
6b-c. Note that overall resonance signal strength
under these circumstances has decreased, with conse-
quent reduction in rejection from the acoustic trans-
versal signal level. The resonance frequencies in (b)
Figures 6a and 6d are identical, although mode coup-
ling occurs in 6b and 6c, splitting the degeneracy as
the two interact strongly. It is concluded that the
mode whose frequency remains unchanged at the two ex-
treme values of inductance L is probably the mode de-
fined by impedance conditions due to mass loading,
while the resonance that shifts with changing L is the
regenerative mode controlled by tuning the electrical
impedance of the reflector, R The earlier statement
that resonance signal strengthis not enhanced by
reactively tuing the reflector is thus demonstrated.

Tui the Tvo-Pole Resonator

Next, consider the device in Figure 
Ic. The re-

flector, R , creates, effectively, two cavities that
are couples through Rc in much the same way that
bound quantum states in two weakly coupled, finite
square well potentials interact to form split de-
generacy state pairs. This device has, in fact, been
presented earlier , but its tunable bandwidth capa-
bility was not then exploited. By varying the induc-
tive load over its full range, we may obtain the re-
sults shown in Figure 7. Observe that the lower fre-
quency resonance suffers no shift, while the upper one
appears to breath accordian fashion as L increases.
The sawtooth behavior appearing on the right side of (d)
the resonance peaks is due to transverse modes pre-
viously discussed and occurs when the input/output
transducers are not properly apodized to suppress all
bt the fundamental mode transverse to the direction
of propagation. Figure 8 shows the device behavior
at the two extreme values of L.

Figure 9 shows the device behavior when the re-
flector, R and inductor, L, are resonant at the band Figure 6. Two-pole resonance behavior

center. T ; mode in the center does not shift with L as Rc is inductively tuned. L increases
and has been identified with mass loading boundary with successive photographs.
conditions. Two modes, approximately .25 MHz apart, Vert: 10 dB/Div. Horiz: .5 MHz/Div.
form "shoulders" at peak resonance, and move down in
frequency as L increases, but maintain a fixed sepa-
ration. By partially matching the impedance of the
input/output IDT's with simple series inductances, it

is possible to produce a flat response (apart from
transverse modes) across the bandwidth defined by the
separation of the two modes. Figure 10 shows such a
matched and tuned device with 3 dB insertion loss.

The Three-Pole Resonator

We may now consider the next level of complexity:
the three-pole monolithic bandwidth tunable SAW cry-
stal filter. Figure ld is representative of some of
the increased numbers of degrees of freedom of L. The
outer reflectors are shown without tuning inductors, Figure 7. Mode variation with increasing L.

but may be dynamically loaded as well. Successive traces shifted down by 10 dB.
Vert: 10 dB/Div. Horiz: .1 MHz/Div.
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In the absence of any tuning elements, either ac-
ross the reflectors or the input/output IDT's, we ob
tain the response in Figure 11. In this device, the
tap IDT's have been cosine weighted to suppress trans-
verse mode structure, which has been shown to mar the
smoothness of the passband response (see Figures 7 and
lob). Tuning one or both of the two coupling reflec-
tors has much the same effect as was achieved in the
two-pole device. Tuning two or more reflectors in the
array has the effect mainly of controlling the inter-
action of mode coupling to provide a passband with
uniform and minimum ripple. Resonating the tap trans-
ducers with a series inductor further reduces insertion
loss and passband ripple. But, at the same time, mat-

Figure 8. Top: Mode structure for minimum ching reduces rejection of the transducer passband re-
L value. Bottom: Mode structure for maxi- sponse from the resonant signal. Figure 12 illus-
mum L value. trates the bandwidth variation that can be achieved in
Vert: 10 dB/Div. Horiz: .1 MHz/Div. a device that is both matched and reflector tuned.

Here, the passband response has been tuned from 70 kHz
to 40 kHz bandwidth (3 dB) by a smooth variation in the
inductances loading the coupler reflectors, R More
dynamic behavior is achieved by tuning end reflectors
as well. In this fashion, bandwidths between 18 and
85 kHz have been achieved.

(a)

Figure 9. Frequency response of two-pole
resonator with static capacitance of re-
flector Rc resonantly tuned by parallel
inductor at center frequency.Vert: 10 dB/Olv. Koriz: .1 MHz/Div. Vert: 10 dB/Div. Horiz: 50 kHz/Div.

(b)
(a) Vert: 10 dB/Div. Horiz: .1 M~z/Div.

Vert: 10 dB/Div. Horiz: .2 MHz/Div. Vert: 10 dB/Div. Horiz: .1 MHz/Div.

Figure 11. Frequency response of untuned, un-
matched, three-stage cascaded, three-pole re-
sonator. Insertion loss = 26 dB.

(b)

Vert: 2 dB/D v. Horlz: 50 kHz/Div.

Figure 10. Frequency response of tuned, Figure 12. Representative example of band-
matched, two-pole, two-port resonator, width control achievable in the same device

by tuning reflector impedance.
Vert: 2 dB/Div. Horlz: 20 kHz/Div.

243



Perhaps the most effective way to eliminate, or
sharply reject, nonresonant acoustic feedthrough is
to devise transverse acoustically coupled resonators
such as first described by Tiersteg and Smythe, and
illustrated by Staples and Smythe. The design for-
mat of the two- and three-pole SAW filters shown here (a)
compel us to examine the cascaded crystal arrangement
to improve rejection of undesirable acoustic coupling
away from the passband response. This leads us to a
discussion of the cascaded in-line device configura-
tion and its performance as an N-pole Butterworth
filter.

Cascaded SAW Resonator Filters Vert: 10 dB/Div. Horiz: 5 MHz/Div.

As Li, et al. 6 have shown theoretically by appli-
cation of a transmission line analysis of various in-
line, multi-cavity designs, the shape factor decreases
in relation to the increased number of cavities, or
poles, included in the configuration. An N-pole
Butterworth filter doubles in bandwidth with every (b)
6N dB decrease from peak signal strength. As a demon-
stration of this behavior, we offer the results of a
70 MHz filter constructed from a cascaded triplet of
three-pole resonators. Input and output transducer
taps have simple series L inductances, thus impedance
matching is rot optimized. The electrical coupling
between crystals is via series or shunt inductors with
no discernable difference being evident. Figure 13 is Vert: 1O dB/Div. Horiz: .2 MHz/Div.
a series of spectrum analyzer oscilloscope traces
showing the broad and narrow band frequency character-
istics of this device. The ±1 dB ripple in the pass-
band could have been reduced both through wwore exten-
sive reflector tuning (not all of which were loaded)
and better impedance matching at the input/output
ports. The derivative of a transition slope is quite
steep, exceeding 2000 dB/MHz on the high frequency (c)
transition skirt. Because of the additional pole zero
behavior of the interstage and matching network com-
ponents, the device satisfies an effective 11-pole
Butterworth filter requirement. Average insertion
loss is 13 dB at midband due to incomplete matching
and parasitic loss encountered in the metal electrodes
and inductors. Close-in dynamic range exceeds 90 dE,
but is ultimately limited to approximately 42 dB from Vert: 10 dB/Div. Horiz: 50 kHz/Div.
in-line acoustic feedthrough. Beyond the passband
response of the tap transducers, spurious acoustic Figure 13. Tuned matched response of three-
response is below -75 dB from dc to 1 GHz. stage, three-pole SAW resonator filter. In-

sertion loss = 13 dB.
Center Frequency Tuning
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DEEPLY ETCHED S.A.W. RESONATORS

Charles A. Adams
John A. Kusters

Hewlett-Packard Laboratories
Palo Alto, California

Summary for bulk wave devices. The thickness is nominally
1.25 mm. The substrate is x-ray oriented to i15" of

Recent development oF surface acoustic wave arc, lapped, suitably polished and cleaned for vacuum
devices as high frequency, high Q, one- and two-port plating.
acoustic resonators has created a new interest in
such devices. - The surface wave resonator (SWR) Since the device will be eventually vacuum-Brazed
consists of an interdigital transducer (IDT) con- to a mount, the edges ae vacuum-plated with l00A of
tained within an acoustic resonant cavity. A pair chrome followed by 5000A of gold. After a change of
of extended gratings consisting of deposited film evaporation masks, the units undergo a vacuum bake
lines,' 2ion-implanted lines,' or etched grooves

3-
1 at 10-7 torr then receive 1200 lOOA of aluminum in

form the cavity, the active region. Immediately after removal from
vacuum, photoresist is spun on, baked, exposed, devel-

Early work on lithium niobate SWR's indicated oped, and the unwanted aluminum is etched away. The
significant conversion from surface waves to lossy bulk photomask used is a single mask with gratings and IDT
waves when grooved arrays were etched greater than 0.02 properly spaced.
wavelengths deep.2 Since then, every reported result
on etched groove resonators has been for devices with Etching
shallow grooves less than 0.02 wavelengths deep. Figure 3 shows a device ready for etching. The

This paper reports on work done on deeply etched aluminum pattern from the previous steps acts as an
(0.05 wavelengths or deeper) quartz SWR devices that etch resist. The process used removes quartz about
sl.ow excellent Q and short term stability. The 160 MHz 10 times faster than it does aluminum. In order to
devices have Q's that range up to 48,000, series preserve the advantages of a single metallization and
resonance impedance less than 40 nhms, and short term single photoresist exposure, it is necessary to pro-
stability that approaches 5 parts in l01 for 1 second tect the IDT region during etching. Figure 4 shows
samples. The temperature performance of these devices a nylon mask that is placed over the IDT during etch-
is essentially that of ST-cut quartz,

6 except that room ing. This has an additional advantage in that it
temperature turnover occurs at an orientation of 39.3

°. also partially shadows the first few grating lines.
During etching, a rather smooth transition occurs

The etching process used is a reactive fluorine from the unetched surface to the grating because of
plasma process capable of etching quartz at 3000A/min.7 this shadowing. 8

Etching grooved resonators 0.05 wavelengths deep (about
8500-g00OX) typically requires about 30 minutes. Fabri- The system used is shown in Figure 5. This is
cation techniques developed are simple, straightforward, a reactive fluorine plasma system used to etch quartz
and easily adapted to large scale batch processing. and other materials extremely Kapidly.3 As reported

previously, etch rates of 3000A per minute a.e pos-
The major limitation is that long term stability sible.? However, as this high of an etch rate destroys

is no better than I part in l0 per day. the aluminum etch resiAt too fast, the rate is usually
decreased to about 300A per minute. With this etch
rate, the aluminum etch resist has been almost

Fabrication removed when the proper depth is reach, eliminating
the necessity of doing this later.

Substrate

During the etching process, the resonant fre-
Figure 1 gives a general overview of the one-port quency can be monitored. Figure 6 shows the relation-

SWR device used. Each grating region consists of 275 ship between depth of etch and the change in resonant
grooves. The IDT is a 49 section transducer with frequency. For our process, Li's "B" factor 3 has been
cosine weighted apodization. The total aperture is experimentally determined to be 22.5. By monitoring
60 wavelengths and the grating-IDT separation is about during etching, the final device frequency on single
5 wavelengths. All units were fabricated on crystalline units has been trimmed to within ±500 Hz. of the
quartz. desired frequency.

Quartz SWR's have been made atvarlous orientations. While determining the correct value for "B", we
Figure 2 shows the relationship between orientation observed, using network analyzer, that the total Inser-
angle and the turnover temperature. The results tion loss continued to decrease and the device Q
reported in this paper are measured primarily on de- continued to increase at depths far beyond that
vices oriented at 35.8210 to permit oven operation at reported by LI as possibly causing bulk mode scattering
turnover during measurement. at the groove interface.' Continued measurements at

160 MHz and 320 MHz indicate that the total insertion
The substrates are 15 mm. in diameter to take loss continues to decrease (Q continues to increase)

advantage of existing processes, fixturing, and mounts up to groove depths of 0.04 - 0.05 wavelengths. Beyond
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this, the insertion loss and Q tend to flatten out, ture coefficients of the devices. Although not cut
and then, beyond about 0.07 wavelengths, the inser- at the ST orientation of 42.750, these units show
tion loss starts to increase, and Q decreases, the same temperature dependence with a second-order
Occasionally in this region spurious mode responses temperature coefficient at turnover of -36 parts in
are also seen. l0 per degree C squared. The findl selection of units

was determined by picking four from each experimental
As a result, our current pr3ctice is to design for group that were the closest in turnover temperature.

a resonant frequency at a groove depth of 0.045 wave- The mean of the eight units was 54.15C.
lengths. Final adjustment to the correct resonant
frequency can then be made by adjusting the actual
etch depth while being assured that the insertion loss Long Term Aging
is at a minimum and Q is at a maximum.

After installing the eight resonators and oscil-
lators in the oven, daily measurements of the resonant

Mount frequency were taken for approximately six weeks.
During the entire test, the oscillators were always

After the etch process, the substrates are then working, the oven temperature was controlled to within
vacuum-brazed onto a ceramic header developed for ±0.01C, and the system monitored using a mechanical
5 MHz bulk wave devices. The brazing material is scanner and a diode switching matrix to connect the
a gold-germanium alloy that melts at 356°C. After oscillator outputs to appropriate counters. The system
brazing, a copper top-cap is cold-welded to the header. time base was a Model 107 BR Quartz Frequency Standard
The units are then placed on a bakeout head, connected that has been in continuous operation for a number
by a tubulation previously brazed to the top-cap. All of years and is known to be stable to better than one
units then undergo a vacuum bake at lO

- torr, at part in 10' per day.

2000C for 8 to 48 hours. This process is identical to
that used for high precision bulk-mode resonators that After the first three to six days, the units set-
show long termr aging approaching parts in 10'' per day. tled down and aged at essentially a constant rate for
After baking, the tubulation is cold-welded shut by the remainder of the testing time, Table I also con-
pinching-off at a minimum pressure of 1 x l0- torr. tains a summary of the final long term aging rate for

the eight test units. The highest aging rate belongs
to the unit which has been opened to air. The cause

Measurement for the negative aging rate of unit 12 B 6 is unknown,
but may be due to a resin leak sealant used on several

After preliminary screening, eight units were cans suspected of being leaky while on the bakeout head.
selected and installed in oscillators. The oscillator
is a rather conventional single transistor unit de- The experimental data is in rather close agree-
signed for a previous instrument project. Figure 7 ment with that reported elsewhere. As all processes
shows an aluminum oven which was constructed to hold used were identical with those that produce bulk mode
the eight resonators and oscillators. After prelim- units that age at a rate almost three orders of magni-
inary adjustments, the oven was set at the nominal tude better than the SWR's, the results are disap-
turnover temperature of the resonators. pointing. The test ias terminated rather suddenly

when electrical power was crt to allow construction
Resistance and Q of a new lab facility.

Preliminary screening required the measurement of
the series resonance resistance and the Q of the Short Tern Stability
resonator. The measurement setup"1 is shown in
Figure 8. Q was measured using the phase-slope method Fig. 9 shows the measurement setup used to deter-
at resonance. Resistance was determined from the mine the short term stability. All measurements were
measured voltages and phase angles, after making made after approximately 5 weeks of aging. Measure-
appropriate correction for known stray reactances. ments were performed only in the time domain since
A summary of the measured data is shown in Table I. this was compatible with the equipment available. A
One resonator, 11 B 4, had been opened to air acci- summary of the results obtained for I second sampling
dentally prior to making the measurements. times is also shown in Table I. In all cases, Lf

1000 Hz, and the number of samples was 200.
Table I shows Q values ranging from 26,000 to

48,000 with the majority of the units in excess of Fig. 10 shows the relationship between the short
38,000. All of these units were etched at least 0.05 term stability, expressed as the Allen Variance, and
wavelengths deep at 160 MHz. From the known material the sampling time for one of the eight units. The
losses of quartz, the maximum achievable Q at this shape of the curve for all of the cthe" units was
frequency should be 65,000. An practice, the units identical.
discussed here have a large, complicated IDT structure
in the acoustic cavity which is known to limit the Table I, upon closer inspection, shows some inter-
obtainable Q. Experimental Q's approaching 80% of the esting results. There is a high correlation between the
theoretical maximum indicate that the acoustic losses short term stability measurements and the resonator Q,
in such a device must be extremely low. As any con- as expected. In addition, the group marked "ll B" had
version to bulk waves at a groove interface would significantly better short term stability than the
represent a significant acoustic loss, one must con- "12 B" group. A check of the previous history of these
clude that for devices made on quartz using the substrates showed that the "ll B" group was all
described methods, conversion to bulk waves must be reprocessed units. These substrates had previously
virtually nonexistent. been made into SWR's, and for one reason or another

were relapped and repolished. A possible conclusion
Preliminary screening also required the is that group '12 B" had not been sufficiently lapped

measurement of the turnover temperatures of the before polishing, as both groups were polished to the
devices, and the determination of the frequency-tempera- same standards.
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Drive Level Dependence ' U. S. Patent 3,971,684, July 27, 1976.

The test setup shown in Fig. 8 was also used to '0 R. C. M. Li, J. A. Alusow, and R. C. Willaimson,
determine the drive level dependence of the SWR. The "Experimental Exploration of the Limits of Achievable
resonant frequency was measured as the drive level Q of Grooved Surface-Wave Resonators, " Proc. 1975
was changed from -60 dBm to 0 d~m. The results are Ultrasonics Symposium. pp. 279-83, 1975.
shown in Fig. 11. Drive levels below -35 dBm have no
effect on the resonant frequency. The region between ; First discussed in: C. A. Adams, J. A. Kusters,
-20 and -35 dBm is probably due, in part, to elastic and A. Benjaminson, "Measurement Techniques for
nonlinearities. For drive levels greater than -20 dBm, Quartz Crystals," Proc. 22nd Ann. Symp. on
the rapid frequency change is probably due to thermal Frequency Control, p. 248-58, 1968.
effects. The unit was tested at room temperature,
although its turnover temperature was about 550C.

Conclusion

The experimental results shown-here indicate
that with this process, one can etch considerably
deeper than 0.02 wavelengths and still observe no
detectable bulk wave scattering in quartz. Q's
were achieved at 80% of that theoretically pos- e
sible, even with a large IDT in the acoustic cavity.
Further, th- excellent short term stability of these
devices make them promising candidates for use as
high frequency oscillator crystals. Unfortunately,
their usefulness, at the present time, is limited by
the rather poor long term performance.
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FIGURE 4 -Nylon Mask used for Protecting IDT. FIGURE 5 -Plasma Etching System.
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Summary confirmed by measuring gratings on substrates of dif-
ferent depths.

This paper describes a new type of surface acous-
tic wave grating resonator in which the particle dis- Although previous experiments confirmed the ep-
placement of the surface wave is parallel to the sur- plicability of the electromagnetic solutions to the

face. By contrast, the now well-known SAW (Rayleigh elastic wave problem, the transducers used excited
wave) grating resonator has its particle displacement both the surface wave of the grating and thickness
in the saggital plane, waves of the substrate. The mode spectrum was there-

fore cluttered with many spurious responses and en-

In the SAW resonator the function of the grating tirely unsuitable for resonator applications. The pre-
structure, which consists of either grooves or metal sent paper describes an investigation of SH surface
strips, is to provide two highly reflecting Rayleigh wave resonances on piezoelectric substrates. Efficient
wave mirrors, between which a standing wave is excited selective excitation of the grating is then achieved by
by means of an interdigital transducer. The basic suitably choosing the substrate orientation and deposi-
function of the grating in the horizontal shear (SH) ting a transducer electrode on top of each tooth. As
type of surface wave resonator considered here is quite will be seen, individual resonant modes of a finite
different. An SH surface wave cannot exist on a homo- length of grating may be excited by suitably chosing
geneous (unlayered) substrate in the absence of some the distribution of voltages applied to the electrode
periodic variation, such as a grating, along the sur- array.
face. That is to say, the surface wave in this case is
a vibrational mode of the grating itself. On the other It should be pointed out that the SH surface wave

hand, the grating is now not required to realize a high- considered here is intimately related to the surface-

ly reflecting mirror, because the SH motion reflects skimming shear wave.
2
'
3  

The latter wave or, more pro-
without spurious mode coupling at a traction-free perly, radiation pattern consists of a horizontally
boundary placed in any symmetry plane of the structure, polarized shear elastic vibration skiinng along the

For this reason this new type of resonator promises a surface and slowly diffracting into the substrate.
substantial advantage in miniaturization compared with Diffraction losses are determined by the vertical di-

the conventional SAW resonator. rectivity of the interdigital transducer (IDT) used
for excitation. Consistent with the analogy of the IDT

SH surface wave resonators on PZT-8, Y-cut X-pro- as an end-fire antenna array, the radiation pattern is
pagating LiMbO and ST quartz have been fabricated and sharpened and diffraction losses are reduced by in-
tested. Excitation was by means of an interdigital creasing the length of the lDT. Addition of a grating

structure deposited on top of the grating teeth, and structure to the surface permits the existence of a
the dimensions were chosen to give a resonance in the genuinely bound SH wave, which travels at a velocity
region of I to 2 Mlz. The groove depth was in the slower than that of a bulk SH wave. If the IDT is
range of 0.01", and it was found that the diamond saw suitably designed to synchronize with this bound wave,
fabrication technique used did not provide adequate as in the case of a Rayleigh wave transducer, there

precision. Consequently the quality factors realized will be essentially no diffraction loss into the sub-
were low (< 3000), and use of relatively shallower strata.
etched grooves at higher frequencies is clearly called
for. SH Waves on an Infinite Grating

Since a sufficient condition for the existence of One way of picturing an SH grating vibration is

this type of surface wave is a periodicity of the con- to imagine it as evolving from the standard tuning
ditiona along the surface, another technique for trap- fork resonator shown in the upper left of Fig. 1. An
ping the wave at the surface is deposition of an array analogous type of tuning fork, in which the arms move

of metal strips, in face shear, is shown on the right. Stacking of a
number of these resonators in an array leads to the

Key words Resonator, Grating, Horizontal Shear, tuning fork grating shown at the bottom of the figure,
Interdigital Transducer, PZT, Lithium Niobate, Quartz. in which the dashed lines are traction-free surfaces.

The basic SN grating (Fig. 2) evolves from this as the

Introduction dimension is extended to infinity along the particle

1 displacement direction and the individual supports are

In an earlier paper the existence of a horizon- replaced by a continuous substrate. With a fixed

tally polarized shear (SH) surface wave on a corrugated tooth spacing d , the frequency increases with de-

substrate was demonstrated by virtue of the exact on&- creasing length of the teeth, just as in the case of

logy between this elastic wave problem and the corres- the original tuning fork. The grating configuration

ponding electromagnetic problem. An extensive litera- provides a means for realizing a tuning fork type of

ture exists for the latter case and the solutions given resonance at frequencies where a single fork becomes

were found to be in good agreement with experimental re- too small to fabricate and mount.

sults obtained for shear surface wavs on a corrugated
aluminum substrate. Observations were made by fabrica- Because the spatial period of the vibration in

ting a finite length of corrugated surface (or grating) Fig. 2 is 2d the displacement field in the substrate

and measuring the transmission resonances with thick- can be written as the Fourier series shown In the fig-

ness shear transducers bonded to the ends of the finite ure, where am is the amplitude of the ntn Fourier

length of grating. The surface nature of the wave was component and the T wxonential coefficient yn is
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related to the wavelength of a bulk shear wave by the As in any standing wave resonance, the resonance con-
equation on the line below. It follows from this that dition is that the length L be integral number n
7 nt real when 2d is less than a bulk shear wave- of half wavelengthe or, equivalently, that k = n/ND
length. in this case all of the Fourier components de- For a 10-section resonator there are therefore ten
cay exponentially into the substrate - that is, the modes of resonance, with frequencies determined from
motion is a surface vibration bound to the grating, the dispersion diagram by the construction shown on the
This argument does not, of course, prove the existence figure. A particular mode may be excited by applying
of such a vibration, but its existence has already been the corresponding distribution of voltages to the
demonstrated analytically in the case of the analogous electrodes located on the tops of the teeth. Our ex-
electromagnetic problem. j5 periments have been performed on the n-mode in which

alternate electrodes are excited 180p out of phase, as
The vibration shown in Fig. 2, which has a phase in a conventional IDT.

shift of n from one grating tooth to the next (the
n-mode), is only one of many that can exist on this We have fabricated and tested three SH grating
periodic structure. In the previous discussion, the resonators with groove profile dimensions as given in
grating was regarded as essentially an infinite array the upper left of Fig. 4 and resonant frequencies for
of tuning forks. Alternatively, one may look at the the n-mode in the range of 1 to 2.5 Mliz. The resonator
teeth as an array of cantilever supported face shear proper is defined by an electroded region on the top
plate vibrators that are lightly coupled, one to the surface of a grooved block, large enough to eliminate
next, through the substrate. The vibration spectrum edge effects and to permit probing of the vibration
consists of a continuous distribution of coupled modes, pattern outside the electrode region by means of small
analogous to the modes of a periodically mass-loaded rubber damping pads. The grooves were first cut with
vibrating string. In this case the phase shift from a diamond saw, the top surface and reflecting edges
section to section is related to a continuous wave num- were then polished, the electrodes deposited and the
ber k = 27r/X , which takes the value n/d for the gold wire leads attached.
n-mode discussed above (Fig. 3).

In these initial experiments no attempt was made
As shown in References 4 and 5 the relationship to polish the inside of the grooves. As will be seen,

between w and k for this grating surface wave has this leads to problems vithiesonance broadening and
the same form as for waves on the periodically loaded coupling into spurious modes due to grating nonunifor-
string. The frequency of the n-mode (k = n/d in Fig. mity and surface roughness. It is clear that the best
3) corresponds to the lower edge of the stop band. way to take these structures is by deep etching tech-
Above this frequency the surface wave is nonpropagating niques.
(or cut-off). As the depth of the grating grooves is
decreased, the frequency of the n-mode increases until The importance of groove depth uniformity is clear
the VSHEAR  line is reached. This corresponds to the from the dispersion curves in Fig. 4, where it is seen
surface-skimming shear wave discussed above. In the that the frequency of the n-mode is strongly dependent
so-called slow wave region below this line the solution on the groove depth h . Nonuniform groove depth
is always a surface wave. therefore causes different parts of the grating to re-

sonate at different frequencies. This effect was ob-
It should be emphasized that very little slowing served in some of our gratings, where the vibration

is required to produce a well-confined surface wave. was found by mechanical probing to be localized in a
A Rayleigh wave, for example, has a phase velocity that small region of the grating. Tighter tolerances on
is only some five percent below the bulk shear velocity the fabrication procedure were found to reduce this
but is confined to a depth less than a shear wavelength, effect. It appears from these results that the reso-
One needs, therefore, only a shallow grating to trap nance could be confined to a desired region of the
the SH wave on the surface, surface by deliberately tailoring the depth profile of

the grooves.
Finite Grating Resonators

Mechanical probing of the resonators with small
To produce a standing surface wave resonance the rubber pads confirmed the surface wave nature of the

grating structure must be terminated in a pair of vibration and also demonstrated a lateral confinement
mirror reflectors. In the standard SAW resonator these of the vibration to the electroded region. A lateral
mirrors are realized by long (several hundred periods) decay distance of the order of 1 cm was observed out-
grating arrays designed to operate in the cut-off re- side the electroded region. This is due to mass load-
gion. For the SH surface wave resonator this is not ing by the electrodes, which effectively increases the
necessary. A mirror can be realized by terminating the depth of the grooves under the electrodes. Because of
grating in a suitably located traction-free boundary, this lateral confinement transverse modes are also ob-
In the case of the n-mode this is easily seen by exam- served, as in standard SAW resonators.
ining Fig. 2, where the particle displacement is along
x and varies with y and z . From the symmetry of PZT-8 Ceramic Resonator
the vibration one has that the displacement u is
maximum with respect to the z variation at tie plane The insert of Fig. 5 shows a highly schematic re-
denoted by a dashed line in the figure. This means presentation of the resonator geometry. Poling is in
that the strain component Sxz and the stress com- the direction indicated by the heavy arrow. Since it
ponent T are zero on this plane. Since ux is a is not possible to pole over a 3" length, the block
function Nly of y and z , the stress components was fabricated from six 1/2" pieces carefully ground
Tv and T are also zero - just the conditions re- and bonded together with epoxy. No repolishing was
qhfred for aztraction-free boundary, which acts as a performed after sawing the grooves, and the groove
perfect mirror. By further symmetry arguments one can depth was measured to be approximately five percent
show that the same boundary conditions acts as a per- greater at the left end of the grating than at the
fect mirror for a surface wave witn any wavenumber right. When the two halves of the grating were excited
k independently, different resonant frequencies were ob-

tained - as expected, the lower frequency correspond-
Figure 4 gives the profile of an N section re- ing to the larger groove depth.

sonator contained between two such mirror reflectors.
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Figure 5 shows the measured input impedance char- curate evaluation of Q. We estimate a value in the or-
acteristics for the entire grating - the small peak at der of 3000.
1.120 MHz corresponding to the deep end of the grating.
A variation of groove depth in the order of five per- Conclusions
cent corresponds to a frequency variation in the order
of one percent. The estimated resonator Q is of order In simary, we have experimentally verified the
200, compared with a material Q of order 400 determined surface character of SH vibrations on deep grating
by pulse echo measurements in a large block, structures and have measured some of the properties of

grating resonators of this type operating on PZT-8, YX
We have also tested the same geometry as a Ray- lithium niobate and ST quartz in the frequency range of

leigh wave grating resonator, with the poling in the 1 to 2 MHz. Q-factors obtained are low, not more than
vertical direction in Fig. 5. As anticipated the Q is 3000. This is due in part to technical difficulties in
much lower (of order 50) because traction-free bound- accurately and uniformly fabricating the large grooves
aries do not act as good mirrors for Rayleigh wave required at these low frequencies and in part to mode
motion, scattering due to the effect of substrate anisotropy

on the behavior of the traction-free reflector sur-
Y-X Lithium Niobate Resonator faces.

A lithium niobate resonator was made in order to The fabrication problems encountered point up the
more clearly isolate the effects of surface roughness need to study shallower grating resonators operating
and resonator geometry on the Q-factor. As shown in at higher frequencies. As pointed out earlier, only
Fig. 6 a resonator of somewhat different dimensions was a small amount of slowing is needed to trap the SH vi-
made on a single crystal block, using the same fabrica- bration on the surface, and the grooves need only be a
tion method. The top surface is Y-oriented and the small fraction of a wavelength in depth. Since the
grooves are along Z . By cutting the grooves before periodicity needed for wave trapping may also be in-
polishing the top surface and finishing afterwards, duced by periodic boundary conditions on the surface,
grooves with clean upper corners were obtained. They an attractive alternative is mass-loading or electri-
were, however, very fragile and had to be handled with cal short circuit strips deposited on the substrate
great care. surface.7

The impedance curve in the figure is for an unsup- The major potential advantage of the SH grating
ported sample and exhibits a very dense spectrum of resonator over the standard SAW structure is in its
spurious bulk modes in the region of the main and small size. Because the grating itself does not serve
transverse surface wave resonances. Appearance of as a mirror, only a small number of periods is re-
strong spurious modes only in the region of surface quired. Also, the presence of a spectrum of resonator
wave resonance indicates that the spurious coupling is modes that can be selected by appropriate coding of
through mechanical imperfections of the grating and not the applied electrode voltages suggests the possibility
directly from the electrodes, of small multipole monolithic filters at very high fre-

quencies.
Figure 7 shows, on the same scale, the impedance

characteristics after glueing the ends of the lithium Acknowledgements
niobate block. The bulk modes are now strongly sup-
pressed, although some spurious is still apparent near The authors wish to acknowledge the able technical
to two transverse resonances on the high frequency side assistance of W. Bond, L. Goddard, G. Kotler and D.
of the main resonance. There is now a strong surface Walsh.
wave resonance with a maximum impedance of 300 kO , and
Figs. 8 and 9 show that the maximum spurious response This work was sponsored by the Joint Services
over the range from I to 7.5 MHz is 4 ki Electronics Program under Contract N00014-75-C-0632.

Figure 10 gives on a logaritlhmic scale the de- References
tailed impedance response in the vicinity of the re-
sonance and antiresonance points. Because of the 1. B. A. Auld, J. J. Gagnepain and M. Tan, Electronics
large number of spurious modes near the series reso- Letters 12, pp. 650-651 (1976).
nance point, it is not possible to calculate the Q by
the standard procedure, but it is estimated to be not 2. T. I. Browning and M. F. Lewis, these Proceedings.
more than 2000. This very low value is clearly due to
the energy loss coupled into a large number of bulk 3. K. H. Yen, K. L. Wang and R. S. Kagiwada, these
modes and subsequently dissipated in the supports. Proceedings.
Further precision in grating fabrication is obviously
called for. 4. R. A. Hurd, Can. J. Phys. .2, pp. 727-734 (1954).

ST Ouartz Resonator 5. R. A. Collin, "Field Theory of Guided Waves," pp.

465-469, McGraw-Hill (1960).
Figure 11 shows the geometry of a grating resona-

tor on a 39.30 "ST" quartz plate with the grooves along 6. C. A. Adams and J. A. Kusters, these Proceedings.
the X direction. Note that the thickness of the sub-
strate is much less than in the other examples. Al- 7. A. A. Oliner and A. lessel Trans. IRE AP-J, pp.
though the resonator is unmounted the spurious mode 5201-5208 (1959).
response is small compared with the lithium niobate
case, and the response is clean outside the 10 1Hz fre-
quency range shown.

As in the PET resonator the low frequency peak is
attributed to nonuniformity of groove depth. Since
this second peak occurs very close to the main series
resonance point, it is not possible to arrive at an ac-
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Ika SH SURFACE WAVE AND SPURIOUS RESONANCES LiNkA GRAIN GUE

OF UNMOUNTED LiNbO3 GRATING iNTO GRACITE SUDT
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ELECTRODE WIDTH - DISPLACEMENT
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FIGURE 6. Impedance-frequency response of--.oriented FIGURE 7. Same as Fig. 6, but with ends of the-sub-
X-propagating LiNbO grating resonator, strate glued to lucite supports. Note the
showing a dense spe~trum of spurious bulk two transverse mode resonances, with super-
resonances superposed on the main and trans- Imposed spurious resonances, on the high
surface wave resonances. Area of the else- frequency side of the main resonance.
troded region (not shown) is 0.425" X 0.625".
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Fig. 8 Impedance-frequency curve of the LiOWO grating, showing the

peak of the main resonance and a wider portion of the skirts.
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FIGURE 9. Illustration of the spurious mode response points.
between 1 MHz and 3.5 MHz. Measurements out
to 7.5 MHz shoved a maximum spurious impe-
dance peak of 4kfl over this frequency range.
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A NIEV CLASS OF QUARTZ CRYSTAL OSCILLATOR CONTROLLED BY

SURFACE-SKIaMING BULK WAVES

T I Browning and M F Levis
RSRE, Malvern, Worca, UK

The attractions of surface acoustic wave (SAW) These passbands are caused by those bulk wave(s)

components for use in oscillators and frequency which can propagate with k-vector parallel to the
filters have been reported in various papers presented surface while still satisfying the surface boundary
at the Annual Frequency Control Symposia since 1974. conditions. Such surface-skimmin bulk waves
The present paper describes an important development (S.S.B.W.) travel with velocity and attenuation
in this field whereby the orientation of the substrate essentially unchanged from their values in the infinite

is so chosen that the input interdigital transducer medium. It is, of course possible to use one of these
(I.D.T) launches a bulk wave which skims along the bulk wave responses rather than the SAW response to

surface and is received by the output transducer long make a fil r or to control the frequency of an

before it reaches any other surface of the substrate. oscilator A this may be done, for example, by tuning

This new class of component therefore superficially out the static capacitance of the I.D.T.'s at one of
resembles the SAW component, and retains many of its the bulk wave frequencies, by damping the SAW response

attractions, e.g. planar construction and design (section I), or by choosiag a substrate orientation

flexibility. In addition, however, it possesses a for which the piezoelectric coupling (k
2
) of SAW

number of advantages over SAW, especially in narrow vanishes (section 5). Over the past few years we have

band filters and oscillators. These include: (i) studied S.S.B.W. propagation in various orientations

higher velocity and lower propagation losses, which of quartz, LiNbO3 and LiTaO3, and have developed a

enable operation up to about 1.6 times the highest detailed understanding of many of the properties of

SAW frequency on ST.quartz, (ii) potentially superior S.S.B.W. devices including excitation, propagation,

temperature coefficients, and (iii) insensitivity to insertion loss, frequency response and temperature

surface contamination leading to lower long-term coefficient of frequency (or delay). The present

ageing. paper presents the results of this study, and shows

that S.S.B.W. retain many of the attractions of SAW

In this paper we describe the conditidns necessary for devices while offering a unique combination of

a substrate to support a nurface-skimming bulk wave, advantages over SAW. The paper is divided up as

together with details of the transduction and propa- follows:
gation. We show that the attainable insertion loss
can be as low as 13dB (compared with 1OdB for a Section I describes some experiments illustrating

typical SAW device), and that the frequency response the basic properties of S.S.B.W.

is closely related to that of the corresponding SAW

device. We also cover the important aspect of temper- Section 2 discusses the effects of the stress-

ature coefficients of delay on quartz and other mater- free boundary conditions on the propagation of S.S.B.W.

ials. The principles are illustrated by measurements
on surface-skimming bulk wave (S.S.B.W filters and Section 3 discusses two theoretical approaches to

oscillators operating at frequencies up to 2.3 GHz. the insertion loss of S.S.B.W. devices and shows

experimentally that the loss can be as low as 13dB.

Introduction

The interdigital transducer (I.D.T.) was first intro- 
Section 4 is concerned with the frequency

response of S.S.B.W. filters and its relationship
duced by Mortley")

J 
for the transduction and reception to corresponding SAW filters.

of bulk acoustic waves travelling through the volume
of a 3-dimensional solid sample. Such samples are Section 5 describes our search for orientations
frequently wedge-shaped, and their principal applica- of piezoelectric crystals which are favourable for
tion is as dispersive delay lines for use in pulse the propagation of S.S.B.W. and tne construction of
compression radar. It was discovered by White and S.Z.1 4. devices.
Voltmer(

2
) in 1965 that the I.D.T. is also an efficient

generator of surface acoustic waves (SAW) and this Section 6 describes miscellaneous other experi-
led to the development of a novel generation of planar ments on S.S.D.W. devices which a-e analogues of
acoustic wave devices, see for example, refs (3) and well-known SAW devices.
(4). From the foregoing it is hardly surprising that

one of the principal problems encountered in SAW
devices arises from the simultaneous g p ration by

I.D.T. of unwanted bulk acoustic waves . These bulk 1. Some basic properties of S.S.B.W.
waves can interfere with the required SAW response in

a number of ways, and are particularly troublesome A brief acgr.t of the present work has been reported

in wideband filters. A gent review of the situation previously?
0
'. To illustrate the properties of

has been given by Milsomf9
.  S.S.B.W., consider the freuuency response of Fig. la.

This is the measured response of a conventional SAW

Our own work has been principally in the field of SAW oscillator filter made on AT-quartS with propagation

oacillqtors, in which the SAW element is essentially a along the %-axis. The filter comprises two untuad

narrow-band filter with prescribed phase and amplitude .D.T's, one with 100 finger pairs, the other with 70

response. In such narrow-band SAW filters the effect finer pairs, each with 200Aaperture and with a

of the bulk waves is often to introduce separate pass- zentre-to-centre separation of 100A(thereby (9
band(s) of similar shape to the SAW passband, but at satisfying the oscillator mode-selection requirement.

higher frequencies, directly reflectinr the higher As well as the SAW response at 170 Mhz, there are

velocity of the bulk waves, see for example Fig. 1. clearly visible two similar responses at 275 and
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309 MHz, which frequencies are entirely consistent (i) the elastic constant matrix contains more non-
with the velocities of x-propagating SAW and bulk vanishing elements, and
waves (VsAW = 3.15, VFA T SHEAR = 5.1 andwvesGI(ISA 3-5,A SotEce that t. e ond it l (ii) the anisotropy lifts the degeneracy of the
V IONGITUDINAL ' 5.7cm/s). Notice that the longitudinal shear waves and fixes their polarization directions
wave is polarised in the surface, the fast shear wave so that, for an arbitrary substrate orientation with
is polarised within a few degrees of the surface, and arbitrary direction of propagation, a horizontally
that there is no detectable response from the slow polarized s'-ear wave does not exist.
shear wave (velocity 3.3 In/s) which is polarised
(almost) perpendicular to the surface. These observ- Nevertheless there is still an infinite set of
ations are true of all the cuts investigated to date, subntrate orientations/propagation directions which
and are Inlirely consistent with the conclusions of do support a horizontally polarized (quasi-) shear
Mitchell 5 ) When absorber is added to the 15,Xgap wave. To date we have only investigated the rotated
between the I.D.T's the SAW response is reduced by Y-cuts in crystals with the elastic symmetry of
> 30i, while the bulk wave responses are only reduced quartz (i.e. including LiNbO and LiTaO ). In these
by a few decibels (Fig. ib). This result strongly cuts we find (appendix I) that the conditions for
suggests that the acoustic propagation between the vanishing surface stresses are ofter. identical to the
I.D.T's lar&ely takes place below the surface of the conditions for the shear wave polarization to lie in
substrate, the surface. This reinforces the conclusion reached

from studying isotropic materials and shows that a
As discussed in section 5, a suitable substrate good practical guide to finding suitable S.-.B.4.
orientation for the observation of S.S.B.W. propag- substrates is to seek orientations which support
ation is the AT-cut of quartz with propagation perpen- horizontally-polarized shear waves.
dicular to the x-axis; this cut has been the work-
horse of our investigations. Fig. 2(a) shows the(9 )  We need hardly add that there exist other waves
response of a "ladder-type" SAW oscillator filter which can travel a finite distance (say loo )
on this cut of quartz, and contains the required with little -ttenuation even though they do not
S.S.B.W. response aqw ll as a series of plate modes exactly satisfy the boundary conditions; an example
described by Wagers

10). When the back face of the is the longitudinal wave travelling on the x-axis
plate was ground to a small angle, i.e. rotated about of AT-quartz, Fig. 1.
the direction of propagation, the phase coherence of
the plate modes was destroyed (Fig. 2b), but the Experimentally we ha,,e demonstrated the free propag-
S.S.B.W. response was unaffected. This experiment ation of S.S.B.W. on AT-quartz with propagation
shows a clear distinction between the plate modes perpendicular to the x-axis. The input I.D.T. has
described by Wagers and our own surface-skimming bulk an aperture of 300;k and contains only I finger-pairs,
waves, which are beamed along the surface and received and so approximates to a line source of acoustic
by the output transducer long before they reach the disturbance. The output I.D.T. is a "ladder"
lower surface of the sample. A more detailed photo- transducer containing 20 "rungs" each of 3 finger-
graph of the S.S.B.W. response is given in Fig. 2(c), pairs and spaced every 20 (the closest rung being
and it is clear that this response closely resembles 20.Afrom the input I.D.T.). The input transducer is

the siny/x response of the original SAW oscillator impulsed and the output waveform is shown in Fig. 3,
filter. We shall return to this aspect of S.S.B.W. which is the actual impulse response (voltage wave-
devices in section 4. form) photographed on a wideband C.R.O. It is

readily verified from this photograph that the output
2. Propagation of S.S.B.W. voltage goes as

In order to obtain some physical feeling for the V = V (,/R)0 ....... (1)
results to be expected in real anisotropic 0
(piezoelectric) crystals, let us first consider the where R is the pathlength travelled, and corresponds
case of an isotropic medium. For any direction of to the expected power decay from a line source,
propagation (k - vector) the bulk waves which can P = P 0 A/R, derived on the assumption that the
propagate in the infinite medium are a pure longitud- propagation is unperturbed by the surface. The
inal wave and two degenerate pure shear waves of situation is sketched below:-
arbitrary polarization in the plane perpendicular to
k. We are seeking waves which, if propagating in an input
identical form in a finite substrate (in our case a output,see Fig. 3
plate), satisfy the stree-free boundary conditions on tF
the principal surfaces of the plate. By analogy with
the SAW problem(11) we shall assume that if such waves
exist, they will propagate freely, and will form the
basis of S.S.B.W. devices.

It is shown in appendix I that for a general isotropic
medium, the surface boundary conditions can only be
satisfied for a shear wave which is polarized in the
surface; such a wave is frequently referred to as a
horizontally-polarized shear wave. This result is
closely related to the dispersion-free propagation 3, Insertion Loss of S.S.B.W. devices.
of torsional waves in an isotropic cylinder(12),
recalling that in the torsional mode all particle As usual, various theoretical approaches can be
motion is parallel to the surface, adopted to calculate the performancesincluding insert-

ion loss, of S.S.B.W. devices. The most fundamental
When we consider general enisotropic crystals it is of these is to solve the complicated equations of
more difficult to find waves which satisfy the motion in the (piezoelectric) medium subject to the
boundary conditions for two reasons:- appr iate elastic and electrical boundary condit-

ions(6) .Milsom has recently applied this approach
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to one of our S.S.B.W. devices, and his calculations 5. Substrate orientations for S.S.B.W
are in respectable agreement with our measurements In seeking suitable orientations to support S.S.B.W.
as regards centre frequency, bandshape and minimum we naturally start by considering the most widely
insertion lose. 2i dB as compared with the measured used SAW piezoelectric crystals, quartz, LiNbO and
value of 13 dBE°). Unfortunately the detailed LiTaO3 . Following the discussion in Section , we
results were not available in time to be included in shall concentrate on substrate orientations which
this paper, but will be published elsewhere at a support a horizontally-polarized shear wave. In
later date. addition, we would like the chosen orientations to

Although this rigorous approach is valuable it gives satisfy as many as possible of the following criteria:-

little physical insight into the operation of S.S.B.W. (a) Large piezoelectric coupling to the horizont-
devices, and leaves one guessing as to how, for ally polarized shear wave (S.S.D.W.)
example, the output I.D.T. is able to extract as much
power as it does from a bulk wave which may have (b) Zero beam steering both on the surface and
penetrated many wavelengths into the substrate, into the volume (S.S.B.W.)
Fortunately there is an alternative approach to the
problem which relies on general properties of waves, (c) Zero temperature coefficient of delay (S.S.B.W.)
and which gives a great deal of insight into the
operation of S.S.B.W. devices. This approach is based (d) Zero piezoelectric coApling to SAW.
on antenna theory, and formed the basis of our initial
qualitative understanding of the operation and (e) Zero piezoelectric coupling to other bulk
insertion lose of S.S.B.W. devices, and which allowed waves, or negligible propagation of these waves for
us to design low-loss devices before he results of the reasons discussed in Section 2 and appendix I.
the rigorous approach were available . Some of
the elements of antenna theory, and its applications A family of cuts of quartz satisfying most of these
to S.S.B.W. devices are included in Appendix II. criteria is the rotated y-cuts with propagation

perpendicular to the x-axis. Here, the SAW coupling
By combining the rigorous approach and antenna theory vanishes identically, all such cuts support an x-
one can develop a sound understanding of the operation polarised shear wave which suffers no beam steering

of S.S.B.W. devices. on the surface, and, for two small ranges of angle of

the rotated y-cut, the temperature coefficient of
4. Frequency response of S.S.B.W. filters, delay in small. These ranges are + 300 to + 400 and

-480 to -550 rotated y-cuts. These latter cuts are
One of the attactions of SAW filters is the ease with closely related to the well known AT and BT-cuts of
which a bandpass filter with a required response may conventional bulk-wave-oscillator crystal, but their
be designed by means of a simple Fourier transform, roles are inverted because, in our new devices, the
As an alternative to the use of Fourier transforms one propagation (k-vector) is along the surface, rathertten
may calculate the response of a given I.D.T. at any perpendicular to the surface.
frequency by means of a phasor diagram (analogous to
the computation of the response of an optical diffra- By good fortune, it also happens that these cuts
ction grating). Exactly the same procedure may be suffer a negligible beam steering into the volume of
used to calculate the far-field intensity of a S.S.B.W. the material,and that the longitudinal wave response
launched along the surface towards the output I.D.T. is not detectable, so that very 'clean' responses are
(This procedure is related to the calculation of the obtained. Most of our recent studies, e.g. Fig. 2,
aerial gain in appendix II). Consequently we expect a have therefore concentrated on these two cuts of
1:1 relationship between the response of a SAW filter quartz, especially the AT cut (+35.30 rotated y-cut)
and a S.S.B.W. filter operating under far-field which has essentially zero temperature coefficient of
conditions, and we have seen an example of this in delay at room temperature in our devices, as discussed
Fig. 2(c). Similar results have been obtained on a below.
SAW/S.S.B.W. T.V. filter with a more complicated pass-
band. We should, however, point out two minor Some experiments involving ST-quartz with propagation
differences between SAW and S.S.B.W. filters:- perpendicular to the x-axis have recently been repel.-

ad by Yen et al 13 . Since the ST-cut is the +420
Ci) In real devices it may well not be possible to rotated Y-cut, it is evident that this cut is one
operqte under far-field conditions, in which case the particular example of the family of cuts described

R- 1 factor in Eq (1) must be taken into account in above.
the design.

In our own investigations, we have measured the
(ii) In the case of SAW filters the "response" temperature coefficient of frequency (or delay) on
loosely referred to above actually relates to the the family of rotated Y-cuts (all with k perpendic-
series radiation resistance, R a In S.S.B.W. devices ular to the x-axis) covering the range 7330 to + 380,
the I.D.T. launches bulk waves into the medium of as these have inversion temperatures in the range of
the substrate at all frequencies above the centre of interest, see Fig.4. We have also measured the
the S.S.B.W. response, and this gives rise to a "tail" effective velocity (deduced from the centre frequency
on the high-frequency side of the Ra plot. Consequent- of our S.S.B.W. response) and plotted the results
ly there is no longer a 1:1 relationship between the in Fig.5. Both these curves are in close agreement
filter response and the Re plot, and this complicates with the corresponding curet)for bulk wave quartz
the design of S.S.B.W.filters, especially when the crystal oscillator plates

1
, and serve to verify

I.D.T.'s are matched to the external circuit, our interpretation of the principles of the S.S.B.W.

devices.
In general terms, however, we may safely conclude
that the design of S.S.B.W. filters is only a little It is important to add that the measurements in
more complicated than the design of SAW filters. Figs 4 and 5 employed an effective transducer length

of N. a 250O, to ensure the excitation of as narrow
an acoustic beam as possible. The angular spread of
k-vectors (see sketch in section 2) is of order

260



*Z (21*) radians, i.e. 8< 20 in our device. In "all-aluminium" SAW resonator patterns(1
6

). The
shorter transducers the results of Figs. 4 and 5 may resulting performance is shown in Fig. 7 and verifies
be slightly modified because of the excitation of a that resonator-action is taking place. The Q of this

wider range of k-vectors. The cuts shown in Figs 4(a) device was a modest 1000, and obviously more work is

and 5 correspond to the BT-class of conventional necessary to provide devices with the inherent Q
bulk wave cecillator crystal, of the medium (which, incidentally, is higher thanthe inherent Q of a SAW resonator because of the

The other range of orientations of interest (because lower propagation losses of bulk waves).

of their small emperaeure coefficient of delay) is
the -480 to -55 rotated y-cuts (again with k (111) Harmonic operation of S.S.B.W. devices.
perpendibular to the x-axis). Preliminary measure- It is well-known that the I.D.T. or modifications
ments on two such cuts have yielded a superior thereof can be used to excite SAW at the fundamental
temperature coefficient to the curves shown in Fig 4(a). and various harmonic frequencies(17). For the
This is expected, As the -480 to -55u cuts correspond simplest I.D.T., the first strong harmonic is the 5th
to the AT-class of conventional bulk wave quartz harmonic. We have found the same result to be true
crystal oscillator. These measurements are as yet for S.S.B.W., and this leads to the possibility of
incomplete,but those available are shown in Fig 4(b)* fabricating devices at even higher frequencies than

described in (i) above.
When we consider LiNbO and LiTaO we find that
although these materials have the same elastic 7. Conclusions
symmetry as quartz they have very different ieaz- We have described in some detail the properties of
electric symmetry. This is unfortunate as the
family of rotated y-cuts with k perpendicular to the a new class of planar bulk acoustic wave delay line

x-axis is no longer ideally suited to S.S.B.W. which has many properties in common with SAW devices,

applications. We have therefore searched for other but certain advantages over SAW for particular

orientations in these materials, which satisfy most applications. These applications include high
of the earlier criteria "by accident", rather than frequency oscillators and filters, and we have demon-of te erlir citera "y acidnt",rater han strated the production of such devices at fundamental
by symmetry as was the case for the rotated y-cuts frqencie u to . z u h fundamental

of quartz. To date we have located two suitable frequencies up to 2.3 GHz. Aithough fundamental

cuts of LiTaO . These employ the two pure shear studies of these devices are as yet incomplete, the

bulk waves which propagate on the x-axis of LiTaO in results obtained to date are most promising.

the infinite medium. One is the +360 rotated y-ct In the immediate future we aim to extend these
with velocity,-4210 m/s and k parallel to the x-axis.
The other is the -540 rotateT y-cut with velocity studies to cover the temperature coefficients of the

'-3460 a/s and k parallel to the x-axis. Neither has fullrange of S.S.B.W. devices which are analogous to

a particularly good temperature coefficient, but the the conventional AT-cut of bulk wave oscillator.

former has a very high piezoelectric coupling constant We shall also extend our studies on LiTaO to see

for S.S.B.W. In eah case the piezorlectric coupling if it is possible to exploit the higher piezoelectic

to SAW is negligible
(
15)

.  coupling of S.S.B.W. on this material in filter
applications. It is also clear from the text that there

6. Applications of S.S.B.W. devices, are still many aspects of S.S.B.W. which warrant
attention and we hope to report on some of these at

(i) Oscillators a later date.

The properties of S.S.B.W. devices discussed in the Appendix I
previous sections sugest th-,t they are ideally
suitable for use as the feedback element of a high We are concerned with the surface stresses arising
frequency oscillator. In this role t extend the from the propagation of bulk acoustic waves in a
frequency coverage of SAW oscillatorsW' to about finite substrate in the form of a plate. Let the

1.6 times the previous upper limit, i.e. from about plate normal be parallel to the y'-axis, and let

1.5 GHz to 2.4 GHz. Fig 6 shows the response of two propagation be in the x'-direction:

such devices on AT-quartz (with k perpendicular to the
x-axis) and operating at 1.766 GHz and 2.323 GHz
respectively. The principal experimental difficulty y'
at these higher frequencies concerns direct e.m.

breakthrough, and special packages are necessary
to achieve satisfactory results.

shear wave
The insensitivity to surface contamination, e.g. Fig.l, /polarization
led us to inquire whether the new devices are less
prone to long-term aging than are SAW devices. Experi- /
maents on two such oscillators have, indeed, shown a
reduced aging (by a factor of 2-3) over the first 3
months. Such results are obviously preliminary and
the interpretation is tentative, but they are, never-
theless, encouraging.

(ii) S.S.B.W. resonators

We have seen in Section 3 that the output I.D.T. is
able to couple strongly to the S.S.B.W. despite the
deep penetration of the wave into the substrate. In a
similar manner an incident S.S.B.W. can be reflected
efficiently from a periodic perturbation of the z' /
surface, e.g. by the I.D.T. or an array of grooves,
such as is used in SAW resonators. We have there-
for fabricated a S.S.B.W. device from one of Marshall's
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Assume that the aperture of the acoustic wavefront is The corresponding cuts in LiTaO are the +360 and
many wavelengths wide (i.e. in the Z'-direction) so a
that end effects may be neglected. The surface -54 rotated y-cuts as discussed in section 5.

boundary conditions that must be satisfied if the wave Let us now consider propagation of an x -polarized
in to propagate freely are that the stresses over the shear wave in the z'-direction. (It can he shown
y'-plane should vanish, T1 ,2 , = T6, = o; T212, = T2 1=o that such a wave always exists in the infinite

and T321 - T41 = 0 medium). The only strain component involved is$ 5 , and the boundary value conditions are only

strictly satisfied if c5 ,6 , = o, i.e. for precisely

the same rotated y-cuts as found above for x-propa-

(a) Isotropic materials gation. It is evident from our experiments (Fip2,
4,5) that for the ranges of rotated y-cut studied

Consider first a longitudinal wave. This has only (+330 to +380) and(-48
0 

to -550) these are
one strain component S1,1, = S1, and this is conipled sufficiently close to the AC and BC cuts to allow

o 1' Tpropagation over significant distances. This is
to T2,, T4 ,, T6 , through elastic constants c112 0, consistent with the frct that c516 , remains small

41and C1 16 respectively. For isotropic materials for all angles of rotated y-cut quartz.

Cl,4,0= cl, 6 , = o, but c1 ,2, = c12 o 1 ). Therefore

the longitudinal wave will not, in general, satisfy Appendix II
the surface boundary conditions.

In this appendix we study the application of antenna
Consider next a shear wave polarized at an angle 4 theory

2 0
) to the excitation and reception of

to the z'-axis as indicated in the sketch. Such a S.S.B.W. by an I.D.T. We know that the boundary has
wave has strain components S1,3, = $ = cos 4 and little or no effect on the propagation of those

13 = s .Te cwaves of interest, viz horizontally polarized
$I,121 = $ 6,= sin . These components are coupled S.S.B.W., and therefore we may regard the I.:..T. as
to T2,, T4 , and T6, via the following elastic an acoustic aerial operating in a half-space. (It
constants:- will make little difference to the argument if we

imagine that another half-space is bonded to the

substrate, and that the I.D.T. is therefore buried
in the medium). By analogy with e.m. aerial theory,

Strain/Stress T2, T4 ,  T6, consider two ideal ISOTROPIC acoustic aerials, I,
separated by a large distance, R, in an isotropic

, c, medium that so each is in the far field of the
5c2 95 9 c,5 c56, other. Imagine that each aerial has its acoustic

radiation resistance tuned and matched to the source/
$6, c216 , c4 ,6 , c616, load impedance. Then, for an input power PIN' the

power density falling on the output aerial is (20)
PIN/4WeR

2
. It is a basic result of aerial theory

For an isotropic naterial all these elastic constants that the effective cross-sectional area of the
vanish except c6 16, = c4 4 #o. It is therefore clear receiving isotropic aerial is X

2
/4Y . Therefore the

that the boundary conditions are only satisfied if output power is given by

$6, = o, i.e. if 4 = o and the shear wave is horizon- PO2 p A' . (2)
tally-polarizedin our previous notation. POUT = PIN X (4..R)

In the case of an I.D.T. of length NA, it Tehaves
"on resonance" like a bidirectional endfire array

(b) Rotated y-cut plates of materials in Laue group aerial w~ich radiates a main lobe of semiangle
RI 49 8(2/N)$ and with aerial gain in the forward

direction, G-N/2. In these circumstances the
This rroup includes quartz, LiNbO and LiTaO3 . Let the expressionin Eq (2) must be multiplied

Lib3  3'epeso o OPT Eq()usbemliid
angle of rotated y-cut be 6. The elastic constants (19) by G 1 2 .  If we extrapolate these far field results
in the new coordinate system have been given by Sykes
As in the case of isotromic materials above consider a to the case of interest to SAW or S.0.B.o. oscillators,
shear wave polarized at an a:--le 4 to the z'-axis and viz two identical I.D.T.'s of length NA and centre-
propagating in the x-directi The same coupling to-centre separation NA(9), we obtain from Eq(2)
constants ippear as in the tabte above, but now an insertion loss of-28dB. Actually this calculation
c6 16, A o and c5,6, = o only for 2 particular values overestimates the loss because in reality the aperture

of the I.D.T.'s is so large that as far as this
of Q. The condition c6 ,6, = o requires that the shear dimension is concerned, the aerials are in each

wave be horizontally polarized. Examination of the others near field. In practice we have made devices
determinental equation of wave propagation in the on quartz and LiTaO3 with losses as low as 13 dB.

rotated coordinate system shows that the determinant
factorizes for precisely those values of Gthat make The use of this antenna theory approach not only
c5 ,6 , = 0. In these circumstances the shear waves allows us to design S.S.B.W. devices with the minimum

attainable insertion loss, but it gives us a crude
are polarized exactly along the y'- and z'- axes, estimate of this loss, and of the distribution of
showing that there are in hll materials two particular acoustic energy within the device.
valjes of f which support horizontally-polarized shear
waves which exactly satisfy the surface-boundary value
:-,nl tiris. In quartz the appropriate cuts are the

a(7;nd BC (-590) cuts, which are of course close
.-e .'T and AT cuts, and ST cuts respectively.
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Fig.6. (a) Frequency response of a 1.766 GRz S.S.B.W.
oscillntor filter --de an AT-quartz with propagation
perpendicular to the X-axis. Total scan illustrated: -
50H s.

(b) Frequency response of a 2.323 GHz S.S.B.W.
filter on the same vubrt ate orientation as (a). Total
scan illustrated:- 20 MHz.

Fig.7. Response of an experimental S.S.B.W. two-port
resonator, The substrate is AT-quartz with propag-
ation perpendicular to the x-axis. The full width at
-3diB points is 130 kHz. The corresponding width for
the transducers alone is 1.5 MHz. The centre
frequency is 151 MH, and markers in the lower trace
are separated by 1MEz.
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INTERDIGITAL TRANSDUCERS--

A MEANS OF EFFICIENT BULK WAVE EXCITATION

K. H. Yen, K. L. Wang, R. S. Kagiwada, and K. F. Lau
TRW Defense and Space Systems Group

Redondo Beach, California •

Summary interdigital transducers. This type of bulk wave
travels close to the surface of the substrate and is

Interdigital transducers (IDT) can efficiently beamed directly from one transducer to the other. In
generate and detect surface acoustic waves (SAW) as the case of rotated Y-cut quartz, these SBAW's can be
well as bulk waves. The spurious generation of bulk generated and detected at frequencies 1.6 times higher
waves is undesirable for SAW device applications, than the corresponding SAW's using identical IDT's.
Bulk-wave excitation in SAW devices has been theore- This greatly reduces the linewidth resolution for
tically and experimentally investigated, and some tech- IDT's. Furthermore, experimental evidence indicates
niques for their reduction and suppression have been that SBAW can be manipulated in ways similar to SAW's.
suggested. However, bulk waves can be used to play a Thus, devices using SBAW can be expected to combine
useful role in device applications. We present the desirable features of both the bulk crystal technology
experimental results for the efficient excitation and and the surface acoustic wave technology.
detection of a bulk wave by SAW IDT's on rotated
Y-cut quartz. The Nature of the Shallow Bulk Acoustic Waves

Both apodized and unapodized interdigital trans- Recently, Milson, at al. have shown that horizon-
ducers were used for the delay lines. The transducers tally polarized shear waves can be generated and de-
were operated at fundamental and higher harmonic fre- tected on PZT-4 and 41-rotated YX-LiNbO3 by intLr-
quencies. The experimental results show that the digital transducers.9 These waves have simple
efficiency of excitation is comparable to that of transverse particle motion and high coupling co-
SAW's on rotated Y-cut quartz. The responses were efficient. They travel in the direction of Bleustein-
free of spurious responses. These efficient excita- Gulyaev mode orientation. On PZT-4, with a free
tions of bulk waves do not require a piezoelectric surface between transducers, the bulk shear waves
overlay such as ZnO on the transducer to enhance the propagate with the main lobe of radiation almost
coupling efficiency. The center frequency is about parallel to the surface of the substrate. On 41*-
1.6 times higher than that of an X-propagated SAW rotated YX-LiNbO3 , the presence of the bulk shear
device using an identical IDT. waves causes passband distortion of Bleustein-Gulyaev

wave devices. However, we have recently shown that
It has been experimentally determined that these these shallow bulk acoustic waves can also be utilized

bulk waves propagate close to the surface of the sub- to play a useful role in device applications.
8

strata. The energy is beamed directly from one trans-
ducer to the other. These shallow bulk acoustic waves In order to minimize spurious responses, the
(SAW) are insensitive to the surface contamination basic conditions for shallow bulk acoustic waves
and crystal dimension. They respond at higher fre- excitation are:
quencies and w1ll be more temperature-stable than SAW
devices. Thus, devices using SBAN can be expected to 1. Zero piezoelectric coupling to surface
combine some of the best features of both the bulk acoustic waves.
crystal technology and the surface acoustic wave 2. Nonzero piezoelectric coupling to bulk
technology, acoustic waves.

Introduction For example, condition (1) is satisfied by the
family of Y-cut juartz with the SBAW traveling 90*

Interdigital transducers (IDT) can be used to from the X-axis. 0 But there is no SBAW excitation
generate and detect surface acoustic waves (SAW) and in this direction because the second condition is
bulk waves.1- 7 For SAW devices, the generation of not met.1 1 On the other hand, SBAW's can be generated
bulk waves is undesirable. This is because bulk waves by SAW IDT's on rotated Y-cut quartz in which both
give rise to spurious signals and unwanted loss. Many conditions are satisfied.
theoretical and experimental investigations have been
done in this area in order to develop techniques to The surface amplitude of the shallow bulk acous-
suppress them.5.6 ,7 For example, it has been found tic waves is a Hankel function w~ich decays as the
that bulk waves reflected from the bottom face can inverse square root of distance. The output power
usually be removed by tapering the substrate. But therefore depends on transducer separation L and
bulk waves traveling at a shallow angle to the sur- varies as P - PoX/L. Hence, the insertion loss of
face and beaming directly to the output transducer SBAW devices is a function of transducer separation.
are difficult to deal with. However, we have recent-
ly realized that such bulk waves traveling at a shal- The shallow bulk acoustic wave is a pure shear
low angle to the surface can also be tilized to play wave. Thus, all the shear type crystal orientations
a useful role in device applications. By choosing may be used to generate these waves. For example,
the correct piezoelectric material and crystallo- both AT- and BT-cut quartz can be used for SBAW
graphic orientation, we have produced a new family devices. These devices will have better temperature
of planar bulk wave devices employing SAW inter- stability than do SAW's.
digital transducers.

Advantages of Shallow Bulk Acoustic Wave Devices
The successful operation of the planar bulk wave

devices is due to the efficient generation and detec- SBAW devices combine many good features of both
tion of the "Shallow Bulk Acoustic Waves" (SBAW) by the bulk acoustic wave device and surface acoustic26



wave device. More specifically, the advantages of the The first delay line used to excite shallow bulk
shallow bulk acoustic wave devices over normal bulk acoustic waves consisted of two conventional SAW inter-
wave devices are: digital transducers. One transducer has a total of 74

finger pairs, the other has 106 finger pairs. Each
9 Higher frequency of operation transducer has a periodicity of 12,628 um, and the

center-to-center separation between transducers is
a Weighted frequency response (time domain) 1.34 mm. The delay line was fabricated 90* from the

X-axis. The response of this device is shown in
* Operating frequency independent of crystal Figure 1. This delay line was designed to operate at

dimensions 250 MHz on X-propagated ST-cut quartz. When the propa-
gation direction was rotated 900 with respect to the

a Free of surface contaminations X-axis, the delay line responded at 393.65 MHz (n 1.6
times higher). The unmatched insertion loss is about

a Lower spurious response 16 dB (same as the propagated SAW delay line). The
frequency response shown in Figure 1 is not a (sin X/X)

2

o Planar structure function. The asymmetry in frequency response is due
* mechanically rugged structure to the fact that the plate modes exist in the substrate.
o good mechanical and thermal contact These plate modes can be eliminated by tapering or
s readily fabricated using semiconductor sandblasting the bottom surface of the substrate.

technique (made easily and cheaply)
o readily integrated with microelectronic The shallow bulk acoustic waves have no spurious

components responses. This is demonstrated in Figure 2, which
shows the response of the same device with a frequency

Advantages of shallow bulk acoustic wave devices from 200 to 600 MHz. The measured temperature coeffi-
over surface acoustic wave devices are: cient of delay of this SBAW delay line is about

28 ppm/*C. This is already smaller than many commonly
• Higher operating frequency (orientation- used SAW substrates such as YZ-LiNbO and YZ-LiTaO3.dependent) On rotated 34*36' Y-cut quartz, the RRAW excited by

the same delay line has the frequency response shown

* High temperature stability (orientation- in Figure 3. The insertion loss is about 14 dB (same
dependent) as X-propagated SAW). The center frequency is again

about 1.6 times higher than that of X-propagated SAW.
* Lower spurious response

Figure 4 shows the frequency response of a SEAW
" Free of surface contaminations delay line using two 45 finger-pair transducers. The

separation between transducers was 0.7 mm. The in-
A temperature-stable orientation is already sertion loss is about 14 dB, which is about 14 dB less

available in AT-cut quartz. The AT-cut bulk crystal than that of X-propagated SAW's. The lower insertion
cut has a temperature coefficient superior to that of loss is due to the fact that SBAW has a higher piezo-
ST-cut quartz, which is the best temperature-stable electric coupling constant.
material for SAW devices.

Thinned electrode transducers with and without
The outlook is favorable for find!ng materials apodization have also been utilized to excite shallow

which possess orientations that are highlv temperature- bulk acoustic waves.
12 

A delay line consisting of
stable and have high conversion efficiency, two thinned electrode transducers, one without apodiz-

ation and the other with apodization, was fabricated
Exerimental Arrangement and Results-- on ST-cut quartz with the propagation direction 900

SBAW Delay Lines from the X-axis. One transducer has 37 sections and
5 fingers per section. The other transducer has 40

Until recently, bulk wave excitations by inter- sections and 8 fingers per section. The latter trans-
digital transducers have been studied only with the ducer was also weighted with a Hamming function. The
aim of trying to eliminate them. We have recently periodicity of the electrodes was 2.84 um and the
pointed out that bulk waves can be utilized to con- center-to-center separation between transducers was
struct a wide variety of devices.

8 
These shallow bulk 6.25 mm. This delay line was designed to operate at

acoustic wave devices will have device performances 277.5 MHz on X-propagated ST-cut quartz. The fre-
which will exceed those of bulk crystals and surface quency response of the 900 rotated transducer is
acoustic wave cevices. shown in Figure 5. The center frequency is 439 MHz

and the insertion loss about 29 dB. The frequency
The experiments on shallow bulk acoustic wave response for the SAW delay line propagated along the

devices re done on ST-cut quartz and 34'36
' 

rotated X-direction was in good agreement with theory. Its
Y-cut quar .. These quartz substrates were polished untuned insertion loss was 18 dB.
on one surf.-e with the standard Valtec surface acous-
tic wave finish. All the quartz samples were X-rayed The frequency response of other Hamming function
to verify the crystallographic orientation. The same weighted delay lines is shown in Figure 6. The delay
photomasks for the dtlay lines were used to fabricate line consists of Hamming function weighted 4-finger

*in both the K-direction and the 90* rotated direction per period transducers of 160 finger pairs and 3-
on the same quartz substrate. The X-propagation di- finger per period transducers of 80 pairs.

1 3 
The

rection excited the surface acoustic waves, while the center-to-center separation is 7.082 mm. The untuned
90* rotated direction excited the shallow bulk acous- insertion loss is about 30 dB, which is about 6 dB
tic waves. In these experiments, existing SAW delay higher than that of X-propagated SAW. The spurious
line photomasks were used in fabriating these devices, response shown in Figure 6 is due to plate modes,
No attempt was made to optimize the shallow bulk which can be eliminated by tapering the bottom face
acoustic wave's response. A more thorough theoretical of the substrate.
and experimental analysis is presently being under-
taken. Multi-electrode transducers operating on their

higher harmonics were also successfully used to
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2. R. S. Wagers, "Plate Mode Coupling in Acoustic
generate and detect shallow bulk acoustic waves. A Surface Wave Devices," IEEE Sonics and Ultrasonics,
delay line consisting of a 4-finger transducer and a Vol. SU-23, No. 2, pp. 113-127.
3-finger transducer was fabricated on ST-cut quartz.
The 4-finger transducer had 37 periods and was ex- 3. R. Milsom, J. Heighway, N. Reilly, and M. Redwood,
cited at its 9th harmonic. The 3-finger transducer "Comparison of Exact Theoretical Predictions and
had 63 periods and operated at its 8th harmonic. 13  Experimental Results for Interdigital Transducers,"
The center-to-center separation between transducers Proc. of IEEE Ultrasonic Symposium, Milwaukee,
was 3.16 mm. A surface acoustic wave delay line fabri- Wisconsin, 1974, pp. 406-411.
cated along the X-direction responded at 500 MHz. Its
measured insertion loss was 40 dB, which agreed very 4. M. R. Daniel, "Acoustic Radiation from a High Cou-
well with calculated figures. The response of the pling Cut of Lithium Niobate," J. of Appl. Physics,
shallow bulk acoustic wave, rotated 90* from the X- Vol. 44, No. 7, pp. 2942-2945, July 1973.
direction, is shown in Figure 7. The center frequency

was about 790 MHz and the untuned insertion loss was 5. M. R. Daniel, P. R. Emtage, and T. deKlerk, "Acous-
42 dB. tic Radiation by Interdigitated Grids on LilbO3,"

Proc. of IEEE Ultrasonic Symposium, Boston, Msasa-
Finally, Figure 8 shows the frequency response of chusetts, 1972, pp. 392-395.

a 1.77 GHz SBAW delay line. This delay line consisted
of two thinned electrode transducers. One has 10 sac- 6. R. F. Mitchell, "Spurious Bulk Wave Signals in
tions, 4 finger pairs per section; the other has 14 Acoustic Surface Wave Devices," Proc. of IEEE
sections, 4 finger pairs per section. The periodicity Ultrasonic Symposium, Los Angeles, California, 1975,
of the electrodes was 0.7 pm and the center-to-center pp. 469-470.
separation between transducers was .5 mm. The delay
line was operated at fundamental frequency. The inser- 7. A. L. Nalamwar, M. Epstein, and R. S. Wagers, "Effi-
tion loss is about 4 dB less than that of X-propagated cient Excitation of Shear Bulk Waves by Thin-Film
SAW which has a center frequency of 1.1 GHz. This ZnO ID Transducers," Proc. of IEEE Ultrasonic Sym-
delay line clearly shows the advantage of using SBAW posium, Los Angeles, California, 1975, pp. 469-470.
at high frequencies. It greatly reduces the finger
width resolution of the interdigital transducers. B. K. H. Yen, K. L. Wang, and R. S. Kagiwada, "Effi-

cient Bulk Wave Excitation on ST-Quartz," Elec-
Conclusion tronics Letters, Vol. 13, pp. 37-38, 1977.

The efficient excitation and detection of shallow 9. R. F. Milson, N. H. C. Reilly, and M. Redwood,
bulk acoustic waves described here does not require a "Analysis of Generation and Detection of Surface
piezoelectric overlay film such as ZnO on the trans- and Bulk Acoustic Waves by Interdigital Trans-
ducers to enhance the coupling efficiency. The center ducers," IEEE Trans. on Sonics and Ultrasonics,
frequency of operation on rotated Y-cut quartz is SU-24, No. 3, pp. 147-166, May 1977.
about 1.6 times higher than that of SAW's using iden-
tical interdigital transducers. There are many advan- 10. A. J. Slobodnik, Jr., E. D. Conway and R. T. Del-
tages of SBAW devices over both bulk waves and SAW monico, "Microwave Acoustic Handbook," Vol. LA,
devices. One is very optimistic about finding mater- Surface Wave Velocities, AFCRL-TR-73-0597.
ials which possess orientations that are highl) temper-
ature-stable and have high conversion efficiency. SBAW 11. B. A. Auld, "Acoustic Fields and Waves in Solids,"
oscillators using AT-cut quartz should have device per- Vol. 1, p. 308.
formance better than that of SAW oscillators using
ST-cut quartz. Because SBAW travels close to the sur- 12. K. R. Laker, A. J. Budreau and P. H. Carr, "Inter-
face of the substrate, one would expect that many SAW connecting SAW Filters for Low Loss Frequency Mul-
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SURFACE ACOUSTIC WAVE SCATTERING FROM A GROOVE IN Y-Z LiNbO3

S.D. Wu and H.S. Tuan
Department of Electrical Engineering

State University of New York at Stony Brook

Sumr sent paper is directed to oyercome the afQrementioned
shortcome. It presents a theory of SAW scattering from

The previously reported treatment of SAW scatter- a shallow groove in a Y-Z LiNbO 3, which includes both
ing from a groove employs a substrate which is purely the elastic anisotropy and piezoelectric effects.
elastic and isotropic. Using the theory to study a
groove in a Y-Z LiNbO3, it is necessary to replace the The propagation characteristics of SAW in a piezo-

piezoelectric substrate by an equivalent isotropic one electric substrate was first treated by Coquin and
with some equivalent material parameters. Although Tiersten [5] in connection to the problem of SAW exci-
this approach simplifies the analysis of a complicated tation in Quartz, then by Tseng and White [6] on the
problem, however, it does not put the scattering char- basal plane of hexagonal crystals and by Campbell and
acteristics "directly" in terms of the basic material Jones 17) in the general direction of a trigonal crystal
constants of the crystal substrate. The present paper such as LiNbO3 . The guided surface wave is called a

is directed to overcome the aforementioned shortcome. generalized Rayleigh wave due to the transverse decay-
It presents a theory of SAW scattering from a shallow ing constants being complex for both elastic displace-
groove in a Y-Z LiNbO , which includes both the elastic ments and electric field components. The scope of the

anisotropy and piezoelectric effects, present paper is confined to a formulation of the
scattering problem from a single groove in a piezoelec-

The guided surface mode in a LiNbO is called a tric substrate with an incident generalized Rayleigh
generalized Rayleigh wave due to the transverse decay- wave. Numerical computation of the reflection coeffi-
ing constants being complex. In this paper, an incident cient is also carried out which agrees well with experi-
generalized Rayleigh wave is assumed to be propagating mental observations [81
along the Z axis of a Y cut LiNbO 3 , and incident on a

shallow groove. The SAW scattering properties are The Incident Rayleigh Wave
studied by using a perturbation approach. The total
acoustic and electric fields may be represented by an The goemetry of the problem is shown in figure 1.
infinite sum of different order of scattered fields and A generalized Rayleigh wave is incident from left to
the incident SAW. Boundary conditions needed for each right along the Z axis on the surface of a Y-cut
order of the scattered fields are obtained systematic- LiNbO substrate which occupies the space y1o. The
ally from the perturbation calculation. These condi- coordinate system x,y,z is chosen to coincide with the

tions correspond to induced equivalent elastic and crystal axes X,Y and Z such that the stiffness con-
electric sources on an ungrodved surface. Thus, the stants, piezoelectric stress constants and permittivity
determination of each order scattered fields is trans- constants of the crystal remain unchanged. A two di-
formed into a problem of acoustic wave excitation with dimensional problem is considered so that there is no
prescribed source distributions, which may be solved by variation in the x direction. The linear piezoelectric
the usual Fourier transform technique. constitutive relation and the equation of motion for

LiNbO3 are

In this paper, the general formulation 
of the SAW

scattering from a groove in a Y-Z LiNb0 3 is presented. Ti= i Cijk Ski - rijk F (1)
The first order scattered fields are studied. Numeri-
cal evaluation of the reflection coefficient for a
rectangular-like groove is obtained which agrees quite D = elkk Sk, + ik Fk (2)
closely with experimental observations.

Introduction 0 U = Tij i  (3)

Based on the scattering properties of a single i,J,k,k=x,y,z
groove, an array of shallow grooves can be used as a
coherent surface acoustic wave (SAW) reflector. Using where Tij, Ski, E; D1, CiJk£ , eijk, Eik and0
this property, an important class of SAW devices have correspond to stress tensor, strai n tensor, electric
been developed recently. A few of the well-known ex- field, electric displacement, stiffness tensor, pie-
amples are the pulse compression filters, bandpass fil- zoelectric stress tensor, permittivity tensor and the
ters and high Q resonators. Since a single groove is a mass density of LiNbO respectively. With a quasi-
bilinC block for an array, a thorough understanding static approximation ?or the electromagnetic part of
of its characteristics is both important and useful, the problem, a scalar potential 0 is introduced which
The previously reported treatment [1-3] of SAW scatter- satisfies Gauss Law
ing from a groove employs a substrate which is purely
elastic and Isotropic. Using the theory to study a D 0 (4)
groove ir. a Y-Z LiNbO., it is necessary to replace the iL 0
piezoelectric substraa by an equivalent isotropic For the time dependence e

-i
t and the appropriate

one with qrme equivalent material parameters [4]. Al- mechanical and electrical boundary conditions on an un-
though this approach simplifies the analysis of a very grooved sarface at y-o, the incident plane wave solu-
complicated problem. however, it does not put the scat- tions for particle displacements Uyi and U zi and static
terlng characteristics "directly" in terms of the basic electric potential 6i satisfying equationstl)-W may be
mt.risl conttanta of tho crystal substrate. The pre- cast in the followlng form;

*The work was supported by the National Science Founda-
tion under Grant NSF-ENG-7504391.
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3 qkey i(k z-wt T S1 (Oz)

T - S2 (o,z) (8)
3 qk y i(k z- t) y

Uz = 3l (mpje q S s y)e I kazw (5) 2

Uai y - Dyl = S3(o,z)

3 qk y I (k z-wt)
a =l (mye e s )e s where S1 , S2 and S3 are the equivalent mechaical

i ai stress sources and induced electric charge density on
the ungrooved surface y=o which generate Uyi, Uz I and

where q 's are complex having positive real parts, 0i These sources depend on the incident wave, geo-
k = W/, and v is the surface wave velocity, m, p metry of the groove profile and material parameters of
and y.are known constants, and I is the amplitueo the substrate. The first order solution expressed in

the incident wave. The amplitude distributions of its Fourier transform form may be shown to be given by
particle displacements and electric field intensities
are shown in figures 2 and 3. U( ) ek

T J, 1 (k) e

Scattering from a Single Groove y=i

3 qjky
Groove Geometry Uz(y,k) = I p3 a (k) e(9)

Jai
As shown in figure 1, the grooved surface is

specified by 3 qjky

S(yz) = y - hf(z) a o (6) 0l(y,k) a I r, aj(k) e

where A is the incident Rayleigh wavelength, f(z) is where q.p -and r are defined the same way as for
chosen to be an even function of z with a maximum nega- the incden wave.J
tive value f(o)=-l, and c is a small number £<<l so
that the maximum groove depth h=cA is small compared to On the ungrooved surface, the boundary conditions
A. The groove, with a width approximately equal to 2a, in Fourier transform domain yields the following vector
is not precisely a rectangle. The deviation from a equation:
perfect rectangular shape is measured by the parameter
. q.H-a

Boundary Perturbation Formulation 441 T
A generalized Rayleigh wave given by Eq. (5) is whr H [in,$ a n T rerenstrix aA11ansfuse.

incident on the Srove specified by Eq. (6). On the Is1,s2,s3 T and T represents transpose.
grooved surface, the incident wave does not satisfy the
boundary conditions. As a result, additional solutions Solving for %V, a2 and a3P we get
are introduced with the total fields represented by

UF y Uyi + U 1= a Hik(S A )  I m=1,2,3

i ym m M 3m

where H is the determinant of H and H indicates the

U =m + U (7) cofactor of H at Jth row and m*' colum.z  Uzi Ma+z
Applying inverse Fourier transform, the first

- order solution may be obtained:
*= 

0
i + m

mal

3 q,2 kY ikz
which satisfy Eqs. (I)-(4). Since the expressions inUy =- I[ I H e (S/k)] e dk

y.l 2w j H 3'm- J,
Eq. (7) are power series expansions in the small para- - ,f1 l
meter E together with the fact that Eqs. (1)-(M) are (10)
linear, it follows that U , U and _ must satisfy
Eqs. ()-(4) for each . e rquiredoundary con- " E I ikz
ditions for the solution of each order m may be ob- zl 2n J H 3m-1 P 3m /
tained by series expansions in y about y-o of the exact
electrical and mechanical boundary conditions on
grooved surface S(y,z) -o. This procedure is equiva- - I
lent to replacing the original problem with an equiva- CO C f r H k  ikz dk
lent problem of finding each U , U and # in an un- i H 3mT (S/k)] •

grooved half-space which are eiterby a surface dis- - J ,m-1

tribution of induced mechanical stress sources and The integration in (10) is performed along the real
electrical charges located on the surface y-o. These axis of the complex k-plane. With appropriate indents-
surface sources represent the interaction of the inci- ttons around poles and branch points, the integrals in
dent wave with the groove. For the zeroth order solu- Eq. (10) may be decomposed into branch cut contribu-
tion, boundary conditions for the incident wave are tions and residue contributions. The branch cut inte-
reproduced from this process. For the first order, grals may be identified with bulk waves generated by
boundary conditions are obtained in the following form; the groove; while the residue contributions at the

2e2
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real poles k-±ka are identified with the scattered cally by the limiting procedure AH/AV in the process
of determining the surface wave velocity. It is foundgeneralized Rayleigh s that the ratio of al toAV converges numerically to the
value equal to 2 8 .4 4 x10 . For a rectangular-like

The Reflected 'Rayleigh Wave and the groove with k L<<I, numerical computations result in a
Reflection Coefficient reflection cofficient in the form

The poles in the integrals of Eq. (10) are just R=-0.6(t)Sin2k a. This expression implieg a reflection
the zeros of the determinant H, while H=o is also the coefficient for a single step to be 0.3( -) which agrees
dispersion relation for the incident Rayleigh wave. with the normal-incidence experiments using LiNbO3
The contribution from the pole at k=-ks yields the reported by Williamson and Smith [8].
following reflected generalized Rayleigh wave

The purpose of this study is to establish a theory
3 _ ksly so that reflection coefficient from a groove reflector

m S ic H e S (o,-k )ei(k z+wt) may be calculated in terms of the material parameters
s() J,m1 J=l of a piezoelectric substrate and the geometrical profile

d k of the groove. The technique is by no means limited
s to LiNbO . Calculations for the reflection coefficient

using oter piezoelectric substrates are in progress.

Sqmkjy -i(kz+wt) References
U z = i P H (o,-k s)e _

zi c I mjm j
k (-1) j ' m l  
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Using Eq.(5), Eq. (11), it can be shown that the re-
flection coefficient is given by

3
R j S (0o,-k)a

R I .2 3~ (12)

k I mHad ksJ=l
s

Numerical Results and Discussions

The following material parameters for LiNbO.
are used for computations of the reflection coeffdiient
R given by equation (12); mass density 04T00 Kg/m,
Rayleigh wave velocity v _3488 m/sec and numerical
values given in reference [9] are used for c jk,
e ik and clj. To calculate R, the value

(!) is obtained first through the relation

dk ..kS
V

-- I. () , white L)- is computed numeri-
k -k5  k5  d-v - v

273



Sy,Y

-0 + 0 FREE SPACE

-J LiNbO 3  Z,Z

NIDENT -

RAYLEIGH WAVE

GROOVE GEOMETRY

Figure 1. Geometry of the problen

Z1.0 PARTICLE FIELDS OF SAW
U.wNYZLN0

U,

U

0 0.5 1.0 I.5

DEPTH IN WAVELENGTHS (-y/X)

Figure 2. Normalized distribution of particle displacements U yand U zfor

incident and reflected Rayleigh waves

5. 0 .
'IEZOELECTRIC FIELDS OF SAW

IN Y-Z LiNb03

Ez/Eyoy

.0 E/Eyy

DITNFR SPACE (y DEPTH Tu SUBSTRATE IN WAVELENGTHS (-yI)I

Figue 3 Nomalzeddistributions of electric field intensities E and E
for incident and reflected Ray'leigh VaveL

274



UAF RANGE SAW FILTERS USING GROUP-TYPE UNI-DIRECTIONAL
INTERDIGITAL TRANSDUCERS

J.Otomo, S.Nishiyama, Y.Konno
Nihon Dempa Kogyo Co., Ltd. *

and

K. Shibayama
Research Institute of :lectrical Communication

Tohoku University

Summary electric source with 900 phase difference each other.
The surface acoustic waves are propagated to the

In the frequency range more than 200 MHz, it has forward direction. Generally, it is difficult to get
been often experienced that the fabrication of quartz a good directionality using only one group transducer
crystal filters meets difficulties, because of the having a small number of electrodes. In order to
thickness of the crystal plate. To overcome these obtain a good characteristic, it is necessary to
difficulties, we have investigated and developed arrange many groups collinearly so that the signals
Surface-Acoustic-Wave filters. In this paper we from each group can be summed in-phase. Then the
report the several experimental result of the SAW electrode structure in Fig. 2(a) is called N-2 type.
filters constructing with Group-Type Uni-directional The one in Fig. 2(b) is called N-4 type.
Interdigital Transducers which has many great advantages
in mass production for its simple fabrication. The equivalent circuit of the Group-Type

Uni-directional transducer can be represented as shown
Group-Type Uni-directional Interdigital Transducer in Fig. 3, applying the Maso,'s equivalent circuit

were fabricated on a LiNbO3 substrate by the processes of a crossed-field model for Bi-directional IDT (81 to
of an Electron Beam Exposure and chemical etching. the transducer R and S respectively. It can be repre-
A small inductor is employed for 90* phase-shifter. sented as a three ports network adding one electric
Consequently, a practically applicable SAW Filter port to the Bi-directional IDT equivalent circuit.
providing low insertion loss and small rippl is achieved
in 400 MHz and 800 MHz frequency range with fundamental As well kown, in the SAW filter with
mode. Bi-directional IDT, it has been pointed out that the

passband ripple is caused by TTE which is reflection
Introduetion between the acoustic ports. So, the study of imped-

ance missmatching at the port is very important. We
To get low insertion loss is inconsistent with to have investigated the admittance Yout at the acoustic

get small passband ripple in Surface Acoustic Wave port under the condition that Rin is connected to the
filters with conventional Bi-directional transducers electric port as shown in Fig. 3. The admittance is
[1]. This problem is caused by the second order effect given by
based on bi-directionality of the transducer. Tti*Rin + T11.Zd

Following two methods have been proposed to solve Zd(T22.Rin + ZdTIZ)

this problem. One is the triple transit echo (TTE) tyouto
cancellation method [2][3[4][5] typified by the three- values of electric source resistance in is calculated

transducers, and the other is the Uni-directional trans- aesulti son i si 4 in ompuatio, tth
ducer [6][7]. Sicne the former method basically and results are shown in Fig. 4. In computation, the

electromechanical coupling coefficient K is assumed
consists of Bi-directional transducers, sufficiently as K

2
_0.0554, which correspot.ds to that of rotated

it cannot solve the above problem. On the other hand, Y 1280 LiNbO3(91.
there are two types of Uni-directional IDT, the three
phase type using 120' or 60' phase shifter and group 1Youtlis very sensitive to change of the electri-
type using 90* phase shifter. Both of them have the cal condition, but under optimu condition in pass-
characteristics of low insertion loss and small pass- canditi but u o thmu rci i
band ripple. However, since the electrode construction impedance (Zd) of the transmitting material. The
of the three phase type is complicated in fabrication, ioitin al The
it is difficult to realize the SAW filters in UHF variation oflYoutlof the Bi-directional IDT is several
itnge. i ftimes larger than that of the Group-Type Uni-direc-
range. tional IDT as shown in Fig. 5. IYout for various

values of Rin was also calculated and results are
Group-Type Uni-directional transducers have recent- so in ig 5. Th lcsathn at t as

ly been proposed by Y.manouchx et al. They solved the

problem applying this type to the VHF range (7]. This port is still large for a change of electric sourceresistance Rin. Therefore, matching by change of Rin
type transducer has many great advantages in mass pro- resistane Rpn.
duction because of its simple fabrication. In this cannot be expected.
paper, theoretical investigation of Group-Type Uni- From these results, if we use a Group-Type
directional Interdigital transducer and the experimen- Uni-directional IDT, a small pssband ripple filter
tal results of SAW filters using this transducers are characteristics can be expected.
reported.

Next, as shown in the equivalent circuit of Fig.Equivalent Circuit of Group-Type 3, transmitting transducer TRI and receiving trans-
ducer TR2 are connected by a transmission line having

interdigital transducers the characteristic impedance Zd, propagation constant
A Y and length £. The total transfer matrix of the

S and R with number of electrodes N are arranged with circuit Is given by the product of the individual
distance of (N.L/2 + L/4) and are connected to an
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transfer matrix, transducer weighted by the weighting function
111SinxI(112+ x2)x with an unveighted N-4 type trans-(EA~ ITii TiizZd E2h ducer. The results are shown in Fig. 11. Sidelobe

1 | | /-(2) suppression is 35dB, minimu, insertion loss is 5.2dB
(I4 kT2 ,/Zd T1/ (Iz and the passband rippl is less than 0.2dB. The in-

crease of insertion loss are due to missmatching at
Therefore, the operating attenuation is given by, electric port.

SD-20 log Rout.Tii+Zd.T12+Rin.Rout.T2i/Zd4Rin.T22 (3) Finally, an exterior view of a SAW filter with
I 2 -Rin.Rout I this transducer is shown in Fig. 12.

where Rin and Rout are the resistance of the source Conclusion
and load. From equation (3), operating attenuation
S is calculated for group type N-4-6 transducer as In order to obtain low insertion loss and small
sRown in Fig. 6. In this case, Rin and Rout are passband ripple filters in UHF range, Group-Type
0.1785 x 10s.Zd respectively, and Zd equal to 0.28011 Uni-directional IDT are used. The results of
x 10(fl). experiments for the 400 M z range are minimu insertion

loss of 2.6dB and less than 0.1dB passband ripple.
Experimental Results Similarly for the 800 M z range, minimum insertion loss

of 5.6dB and less than 0.2dB passband ripple is
The 400 MHz and 800 Mz range filters are obtained. The calculated results using the equivalent

experimented, where a rotated 128* Y-cut, X-propagation circuit model are in good agreement with the experi-
LilbOs plates are used. Aluminium of 1500 - 3000 A* mental results, and the equivalent circuit is useful to
thickness are deposited and interdigital electrodes analysis of Group-Type Uni-directional IDT. The
are fabricated by Electron Beam exposure and chemical structure of the 90* phase shifter is simple and
etching prosesses. Experiment was performed by 500 miniature UHF range SAW Filters are achieved.
measurement system.
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Figure 8 Measured Frequency Response of 400 MHz Range with N-4-6 Type.
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Figure 9 Measured Frequency Response of the 800 MHZ Range with
N-4-8 Type

279



0dB

VY

>

430 MHz 40MHz/div 1.4MBz/div

(a) (b)

Figure 10 Measured Frequency Response of the Filter with Coubination
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Figure 11 Measured Frequency Response of the Filter with Apodised
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PROGRESS REPORT ON SURFACE

ACOUSTIC WAVE DEVICE MMT - IS

Alan R. Janus and LeRoy Dyal III
Hughes Aircraft Company

Fullerton, California

Summary delay line, and pulse compression filters. Sub-
strate materials specified are lithium niobate and

In July 1975, Hughes began a two-year, ST-quartz.
USAECOM sponsored Manufacturing Methods pro-
gram on surface acoustic wave devices. A status In order to address the design, electrical
report is presented which identifies the extent to test, environmental and volume fabrication require-
which program objectives have been met in terms of ments of the program in an orderly fashion, the
design, fabrication, packaging and test considera- program is broken into four phases as shown in
tions. Table II. During the first phase, the six devices

were designed, fabricated and tested to specification.
The object of the program is the establish- Ten devices of each of the six designs were de-

ment of a production capability for SAW devices of livered to ECOM at the end of this phase. In order
varied design and material. Specifically, the con- to meet the program requirements for auto correla-
tract identifies six test vehicles with rigid electrical tion (phase coded tapped delay line filters) and pulse
and environmental specifications. These are band- compression line test, the appropriate reverse coded
pass filters, tapped delay lines and pulse compres- tapped delay lines and pulse expansion lines were
sion filters with center frequencies of 100 to 200 included in this shipment.
MHz on both lithium niobate and ST-quartz. The
program is divided into four phases. During the During the second phase of the program, test-
first, design phase, the six devices were designed, Ing and analysis of those devices that failed to meet
fabricated and tested to specification. The second full specification was performed. This redesign
phase was directed at the redesign or design modifi- effort resulted in a finalization of electrical specifi-
cation required by the failure of first phase samples cation for the balance of the program. Ten devices
to meet specification and resulted in a finalization of each of the six designs, fully adherent to the
of the electrical specification for the balance of the finalized specification, were delivered at the end of
program. this phase.

The next phase consisted of testing these In the third phase of the program, environ-
devices to a MIL-STD-883 type environmental stress mental testing was performed on the devices to a
at a high sampling rate. Results of this testing are MIL-STD 883B type of requirement at a high samp-
discussed. The final phase saw the establishment ling rate. The completion of this phase resulted in
of a pilot line with the production of one hundred the delivery of fifty each of the six device types.
fifty each of the device types. Capacitance probe
testing is discussed as a cost-effective alternative to During the final phase of the program, a
visual inspection at high magnification. In testing, pilot line was established for the production of one
statistical sampling is employed in order to ensure hundred fifty of each of the device designs, fully
the conformance of the devices to both electrical and adherent to the electrical and environmental require-
environmental specifications. An important element ments of the program. An important element of this
of this phase is the development of realistic manu- phase was the evaluation of capacitance probe testing
facturing cost data on SAW devices that are repre- as a cost effective alternative to visual inspection at
sentative of the technology, high magnification. Manufacturing cost data was de-

fined for each of the device types.
Introduction

Program Accomplishments
The results of work performed during the

first two phases of the program have bpen described Phase III
earlier. I This paper deals with the results of the
third and fourth phases of the program. It encom- Test Results - Device designs finalized during
passes the environmental testing of a broad range the Phase II effort were fabricated in accordance with
of surface acoustic wave device designs. It also the process flow defined in Table III. These devices
describes the pilot line production of these devices, were then subjected to various of the environmental

stresses listed in Table IV. Test allocation, sample
Program Requirements size for each lot of fifty devices and accept/reject

criteria are summarized in Table V.
The overall objective of the MMT program is

the establishment of a production capability for SAW In all cases, the number of device failures
device functions that are representative of a proven did not exceed the limits set forth by the program.
technology. Table I summarizes the six device de- No pattern of failure attributable to environmental
signs chosen by ECOM for the program. They are stress could be discerned. Failures detected at
broadly classified into bandpass, phase coded tapped final electrical test were random. The cause is most

likely process related.
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Phase IV Program requirements for the BP-LN de-
sign Ipiposed a metallization thickness lower limit

Capacitance Probe Test - Visual inspection (1000A) as well as an insertion loss range (20 +1. 5

for open and short defects at 250X magnification of dB). These constraints operated to reduce the
the wafer shown in Figure 1 typically consumes one usable insertion loss range on that device during

and one-half hours of labor. In analogy with integ- the final phases of the program due to the fact that

rated circuit probe testing, a capacitance probe test a new evaporator yielded lower resistivity alumfnum

has been evaluated as a cost effective substitute for than that utilized during the initial designs. This is

visual inspection (Figure 2A). Prior experience on a shown in Figure 3.
limited number of samples using manual measurement
(Figure ZB) showed the technique to be a viable one. The cost savings of substituting semiconduc-
The purpose of the MMT evaluation was to (1) deter- tor pin packages for machined chassis are estimated
mine the efficiency of a semiautomated approach at 10 to I. However, this substitution can cause
(Figure 2C) and (2) to establish a nominal value of difficulties in achieving feedthrough suppression
capacitance for open defects on a given design, based levels of 50 dB. Grounding through package pins
on final electrical data over a statistically valid sam- alone will not suffice. Adequate grounding of the

pie. package base, both in test and a functional environ-
ment is critical. In the bandpass filter designs,

A Fairchild Sentry 610 Integrated Circuit tuning inductor orientation (rotational) was found to
Probe Station was modified for capacitance measure- contribute to feedthrough. One solution to excessive

ment. It was determined that wafers of the kind shown feedthrough in the phase coded tapped delay lines
in Figure 1 could be scanned in ten minutes yielding was the inclusion of a ground pad between the input
a computer print-out (mapping) of capacitance value transudcer and output tap array during photolith-

for each transducer. The data indicates that short ography. It should be pointed out that none of these

defects can be effectively screened by the technique, problems were encountered with the use of machined
In fact, a yield improvement of up to five percent has chassis.
been noted over visual inspection. This has been
attributed to operator visual misinterpretation of Cost - The manufacturing cost of the six

(1) high resistance shorts that are electrically non- device types, packaged and tested, is estimated to

functional and (2) non-conductive debris which is mis- range from 20 to $50 in quantities of 200. Of the
taken for metal bridging. With regard to open de- pulse compression and bandpass filters, the quartz

fects, the final device electrical data is incomplete, devices range higher; approximately $30. The

It is therefore not possible to complete an assessment phase coded tapped delay lite units average $50,
of the nominal capacitance value at this time. reflecting the impact of large die size, higher unit

area m-aterial cost, layout expansion due to sawing

It is felt that, with further automation, the requirements and increased package size.

probe time could be reduced to three minutes per
wafer. The potential also exists for the addition of Overall, package cost is in the range of 15
a controlled voltage short burn-out during this in- to 25% of manufacturing cost. Future effort in this

spection, lending to further yield increase at the area should address the requirement of still lower

wafer level, cost packaging. The impact of higher volume pro-
duction on cost reduction should not be overlooked.

Fabrication - During the course of volume The estimated manufacturing cost of the BP-Q de-

production, a number of cost versus technical trade- vice in quantities of 1000 is $20. The cost of tuning
offs became evident, elements required to achieve low VSWR, especially

in regard to component attach labor, i high. In

In Figure 1, in-situ resistors on the substrate view of the relative insignificance of this parameter

form the R of the RL tuning networks commonly used at IF, the imposition of this requirement should be

on these devices. The formation of these aluminum closely examined at the design level.

resistors at the same time the transducers are de-
fined not only offers significant cost savings in labor Conclusions

and materials, but leads to an improvement in re-
liability by reducing the number of discrete compon- Fabrication and test efforts during the final

ents in the device, phases of a surface acoustic wave MMT program
have shown that a variety of SAW device derigns,

SAW devices are materials cost intensive, capable of withstanding MIL-STD 883B type envir-

Every effort is therefore made at the design level to onmental requirements, can be produced in rela-

maximize the number of die per wafer. This is, how- tively small quantities at low cost. In the area of

ever, limited by dicing considerations.
1 Quartz re- future cost reduction, consideration should be given

quires a thicker saw blade than does lithium niobate. to packaging and the sophistication of tuning require-

The kerf loss for quarts typically approaches 20 mils ments.

versus 3 mils for lithium niobate. In addition, suf-
ficient area must be allowed for at the ends of the die Acknowledgements

for the application of acoustic absorber materials
(DC-1340). Insufficient absorber contributes to the The authors wish to express their apprecia-

presence of spurious signals. Even the presence of tion to T. W. Bristol for his encouragement and to

occluded bubbles in the absorber can be related to G. Blurton for device fabrication. This work was
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should be given to the cost effectiveness of dice taper 7SC-0044.
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THE VERSATILITY OF THE "IN-LINE" SAW CHIRP FILTER

W. J. Skudera, Jr.

US Army Electronics Technology & Devices Laboratory (ECOM)

Fort Monmouth, New Jersey

Summary bandwidths (10 MHz & 2.5 MHz) and approximately 8
microseconds of dispersions, using a total of 1354

SAW chirp filters have recently been used to per- electrodes per transducer on ST-X quartz. The elec-
form sophisticated functions such as continuous vari- trode patterns are not visible in the photo of Figure 2,
able delay and chirp transformation. This paper will but the pads for the input and output transducers are
briefly cover several interesting applications of the clearly seen. The response for the 10 MHz bandwidth
"in-line" chirp filter used in combination with stand- filter is given in Figure 3 showing a passband contain-
ard mixers and/or standard amplifiers. These appli- ing the usual Fresnel ripple

5 
along with a few dB slope

cations include a variable delay line, a "time-ordered" which it is assumed is attributed to the use of iden-
multiplexer, and an oscillator. The variable delay tical cosine-squared weighted transducers.
line, which requires two standard mixers along with
two chirp filters, will be discussed using relatively Two recent applications for SAW chirp filters, the
wide and narrow bandwidth chirp filters (DDL); and a variable delay line

6 ,7 
and the chirp transform

8
,
9 
will

simple cascade scheme will be shown, whereby, the less be briefly reviewed, and results will be presented for
complex "in-line" filter can yield variable delays slight modifications to each. In addition, oscillator
approaching those of the RAC variable device. The results will be given, using SAW chirp filters in a
inherent fixed delay portion, important in certain standard feedback loop.
applications, will also be considered for each type
of filter. Variable Delay Line

Again, using a mixer and two "in-line" chirp fil- The schematic for a continuously variablp delay
ters, a "time-ordered" multiplexer can be constructed line using SAW chirp filters (DDL-I & DDL-2) i shown
based upon the chirp transformation technique. The in the top portion of Figure 4. Two standard mixers
multiplexer scheme will be shown utilizing two identi- are required along with a control osciliator (VCO) to
cal filters instead of the normally used "up" and make it functional. The lower portion of Figure 4
"down," offset frequency chirp filters. The advantage shows a series of delayed output pulses, from a narrow
and disadvantage of using identical "ir-line" SAW fil- input pulse, whose delay is determined by the VCO
ters will be discussed in terms of filter fabrication setting. Reference 6 gives the details of operation

ease and transform bandwidth restrictions, respectively, and is summarized below. When the VCO is held at a
constant value and the input frequency is varied, then

The final application covered will be the chirp the delay vs input frequency slope, after the first
"in-line" SAW filter used as an oscillator; results for chirp filter, is an up slope, assuming DDL-l is an up

two different bandwidth filters will be given in terms chirp. kfter the second mixer, spectral inversion
of spectral purity, power output, and tuning ability, takes place and the slope is a down slope, then passing
In addition, the tuning ability of the chirp oscillator that signal through a second up chirp filter (DDL-2)

will be compared to that of a standard delay line SAW results in a constant delay at the output with * out-
oscillator, put frequency that tracks the input frequency. However,

if the input frequency is held constant and the VCO is

Introduction varied, then the frequency after the first mixer
increases as the VCO frequency increases, while the

Surface acoustic wave (SAW) linear FM (chirp) delay after the second mixer and the output increases
filters have been used primarily in pulse compression with respect to the increasing VCO. The frequency

applications to improve the resolution of a radar after the second mixer and second chirp filter (DDL-2)
system. Two basic SAW chirp filters have evolved for is compensated by the VCO, and thus, the output is at the
this application: tho "in-line" array

1 
and the reflec- same constant frequency as the input but with a VCO

tive array compressor (RAC) filter.
2 

The RAC device is controlled variable delay. Figure 5 shows the output
used, usually where large time-bandwidth products with results for a variable delay line using two 10 MHz

especially large dispersions, are required; the less chirp filters as well as two 2.5 MHz chirp filters. The
costly "in-line" filter is used for modest time- control frequency vs delay slopes are 1.536 MHz/,us and
bandwidth products. 0.334 MHz/ps respectively, for a constant 70 MHz input

pulse. The output delay is also shown -to be constant

Figure 1 shows the difference between the two at 12 microseconds for a constant 138 MHz VCO frequency,
filters. The "in-line" filter uses metal electrodes, while the input frequency is varied across the bandpass
in a graded periodicity fashion, to yield a linear dis- of each chirp filter pair, i.e., from 66 MHz to 74 MHz
persion with frequency, and it has a fixed delay deter- for the wider bandwidth filters and 69 MHz to 71 MHz
mined by the separation of the input and output for the narrower bandwidth filters. The total variable
transducers. The RAC filter uses etched gratings to delay at the midband frequency was about 8 microseconds
create the linear dispersion along with non-dispersive (from 8 Ps to 16 ps) with a minimum fixed delay of
metal input-output transducers, and it has a fixed about 8 microseconds. The fixed delay is due mostly to
delay determined by the spaces between the gratings as the loading effect of the second chirp filter (DDL-2)
well as from the transducers to the gratings. The "in- at its mid delay value of about 6 microseconds, plus a
line" fixed delay is much less than that of the RAC's small amount of fixed 'delay (about 2.5 pa) due to the
and can be made as small as approximately 0.25 micro- non-optimized transducer separation of the first chirp
second compared to several microseconds for a RAC. 3  filter (DDL-1). The lower left side of Figure 6 shows

this result plotted on a linear graph. Delay data is
Figure 2 shows one of the "in-line" filters that also shown whe- two additional identical chirp filters

were used along with standard mixers and/or amplifiers are cascaded at the locations indicated by the two
to perform three interesting functions. The filters arrows in the upper schematic of Figure 6. Thus, using
were designed and fabricated as previously discussedl,

4  four filters the variable delay is doubled while that
and were' centered at 70 MHz, with two different
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of the minimum delay is increased to about 18 micro- frequencies in the time domain, then it can be called
seconds mostly due to the loading effect of the last a "time-ordered" multiplexer. Figures 8(A) and 8(Q)
two filters (about 12 ps) plus the fixed delay of the show that two c.w. signals nominally set at 140 MHz
first two chirp filters. If eight filters were used, and separated by less than 400 kHz can easily be re-
the variable delay could be extended to greater than solved in this multiplexer independently of the chirp
30 microseconds with a fixed delay of about 36 micro- filter's bandwidth because resolution is dependent

seconds. It is to be noted, however, that cascading only upon the dispersion
l
l of the filters. However,

tends to magnify the errors present in each filter 8(B) and 8(0)) show two c.w. signals that are separated
and becomes impractical after a certain point. The by the maximum amount and indicate that the number of
lower right side of Figure 6 shows, for comparison, frequency bins that can be resolved at this resolution
the range of delay that Dolat

6 
obtained for two RAC is dependent upon the filter bandwidth; i.e., for the

filters with a minimum delay of 54 microseconds, narrow bandwidth case a maximum of only six frequen-
However, the RAC variable delay operated over a wider cies could be simultaneously displayed, while for the
input bandwidth than the cascaded "in-line" device, wider bandwidth case about twenty five frequencies
Thus, if the bandwidth were reduced to that of the could be displayed. Figures 9 and 10 show the ampli-
"in-line" device, then the minimum delay is estimated tude and compressed pulse width of the pulses of Fig-
to be about 40 microseconds for this RAC device. ure 8 vs the input frequency and clearly show that the
Therefore, if one desires to have a variable delay amplitude decreases while the pulse width increases
line that has a minimum amount of fixed delay, re- toward the processor input band edges. Therefore, the
quired for certain repeater applications,

10 
and only most useful operation was defined as the points where

a few microseconds of variable delay, then the "in- the pulse width increased by 10% of its center fre-
line" approach is worthwhile. For example, if "in- quency value, and this corresponded to about half of

line" filters were used in a 6 ps variable delay line the bandwidth of each chirp filter. The exact centers
then, with a transducer separation of 0.25 ps per of the amplitude and pulse width curves do not coin-
filter, the fixed delay for a constant input fre- cide, and again this is attributed to the slope of the
quency would be less than 3.5 microseconds. If RAC filter response which could easily be corrected. How-
filters with a minimum of fixed delay (about 2 micro- ever, the pulse widths are reasonably close to the
seconds) were used in the same 

6
ps device, then the theoretical values of 0.lps and 0.45 ps respectively,

minimum amount of fixed delay for the device would be and are relatively constant in both amplitude and
about 7 ps. However, if large amounts of variable pulse width over the defined 10% pulse bandwidth. The
delay, greater than about 20 ps, are required, then amplitude slope of these filters could be influencing
the fixed delay will be large in both the "in-line" the pass band response of the processor, but this has
and RAC devices, with the RAC approach being more been assumed to be a negligible effect. Thus it ap-

desirable than the cascaded "in-line" because it would pears that if one requires an input bandwidth of
have less distortion effects over a wider frequency 10 MHz for a chirp transform processor, then two iden-
range. Cascading of identiual "in-Line" filters, tical 20 MHz filters should suffice since, in practice,
however, appears to be a useful technique for variable the amplitude and pulse width changes are small over
delays up to 20 ps in this frequency range, but with this range, and thus only one chirp mask, instead of
less bandwidth than the RAC approach. two, is required to construct the processor. Another

advantage of using identical filters over the dissimi-

Chirp Transformation lar type is that one can use filters operating at half
the center frequency of the input frequency by using

The Chirp Transformation
8
,
9 

schematic is shown the lower side band of the first mixer. Thus it is

in Figure 7 and expressed mathematically by the top easier to fabricate these filters since it allows one
expression in the same Figure; i.e., the transform is to operate at twice the frequency of the highest
the convolution of the second chirp filter (DDL-2) operating chirp filter that can be constructed. How-
response, I(T), with the product of the input signal, ever, the disadvantage of using the identical filter
S(T), and the response of the first chirp filter, approach is that it can only be used for processor
CI(T), multiplied by the impulse response of the bandwidths of up to 25% since the filters themselves
third chirp filter (DDL-3), C2(T). This expression can only be fabricated with about 50% bandwidth.
can also be expressed by the lower equation V(T) in
Figure 7 and is the true Fourier transform if Chirp Oscillator
w - 2Vr, where p is the chirp slope. One can also
consider an output located at point 1 in this figure Figure 11 shows a chirp filter (DDL) used as part
given by R(r), i.e., eliminate the second mixer and of a feedback loop of an amplifier along with a phase
DDL-3 filter. Comparing the R(T) equatios in Figure shifter to form an oscillator circuit and Figure 12
7 one sees that only the phase term (eJIT ) is the (B) shows the frequency spectrum at appirximately
difference between the two expressions. Thus, if 68 MHz when the 2.5 MHz DDL is used in the loop. When
just transform amplitude data is required, then R(t) compared with a standard 60 MHz SAW oscillator, Fig-
is sufficient and the DDL-3 filter plus mixer is not ure 12(A), and a standard signal generator, Figure
needed. The first two chirp filters generally are 12(C), set at 68 MHz, one sees that the spectral
dissimilar in this processor

8
,
9
; however, the follow- responses are approximately the same and that the

ing data were taken, using two identical filters, power outputs are all about +4 dBm. The second har-
Figure 8 shows the output results displayed on an monic was found to be lower, however, by about 15 dB
oscilloscope when two c.w. signals are simultaneously in the signal generator over the two types of SAW
fed into the input of the processor using identical oscillators, i.e., -30 dB and -15 dB, respectively.
filters. Since the filters operate only over a
finite time, then the c.w. signal appears as a gated Figure 13(A) shows the tuning range of the
R.F. pulse,and thus the transform should be a sin 2.5 MHz DDL filter when the phase shifter is changed
(X)/X response that varies linearly with the input from a nominal zero degrees to 360 degrees, covering
frequency. The scope pulses in Figure 8 do resemble about 250 kHz of continuous tuning ability. The
a sin (X)/X, except some of the sidelobes are nonsym- 10 MHz DDL tuning range (see Figure 13(B)) is shown
metrical, due primarily to the passband response not for a nominal (from right to left) zero, 180, and 360
being perfectly flat; and the location on the time degree phase shift and covers a total of about 500 kHz
axis of the scope does vary linearly with the input frequency shift. However, a standard delay line,
frequency. Thus, since this processor separates using 19 electrode pair transducers on ST-X quartz,
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whose transducer separation was equal to approximately along with a standard amplifier to form an oscillator
the center frequency separation between the trans- that operates similarly to a delay line oscillator,
ducers of the DDL filters (about 1.9 cm), had only but may have added frequency selectivity. However,
about 100 kHz per 360 degrees phase shift. Initially, further work is required to demonstrate the potential
one would suspect, therefore, that the bandwidth of advantages of the oscillator device.

the DDL filters influences in some way the tuning
range of these filters. However, this was not the There are other aplications of chirp filters such
case since, when the transducer separation of the as in spread spectruml and frequency hopping,

15 
not

delay line was reduced to about 0.3 cm, the tuning covered in this paper, but they clearly demonstrate
range per approximately 360 degree phase shift (see that the chirp filter is indeed a very useful and
Figure 13(D)) was about 900 kHz (the approximate 180 versatile device.
degree phase shift is shown in the center of the
photo). Acknowledgements
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~ ~ ,,Fig, 3 Frequency Response of a 10 MHz Bandwidth
"In-Line" Chirp Filter.
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Fig. 1 Chirp Filter Schematics (A) "In-Line"
Chirp (Expander) Transducer I'4tern, (B)
Reflertive Array Dispprsive Filter Show- El
ing a )ovin Chirp Grating Pattern.

Fig. 4 Schematic of Variable Delay Line (Top)
and Photograph (Bottom) Showing a Series
of Delayed Output Pulses Taken at Dis-
crete VCO Settings.
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Fig. 6 Schematic of the Variable Delay Line
(Top) and Plot of the Variable Dela\

Fig. 5 Plot of the Output Delay vs the VCO Fre- Range (Bottom) using "In-Line" and RAc
quency and vs the Input Frequency for Two Filters.
Different Bandwidth Filters.

Sifl --/-

s, ' . (?I T

Fig. 8 Photograph of Resolution and Maximum

Fig. 7 Schematic of the Chirp Transform Proces- Frequency Separation of the Chirp Trans-
sor. form Processor Using Two Different

Bandwidth Filters.

Fig. 9 Plot of the Amplitude Bandwidth and Fig. 10 Plot of the Amplitude Bandwidth and
Compressed Pulse Bandwidth of the Compressed Pulse Bandwidth of the
"Time-Ordered" Multiplexer Using 10 "Time-Ordered" Multiplexer Using 2.5
MHz Chirp Filters. MHz Chirp Filters.
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Fig. 12 Spectrum Analyzer Photographs of (A) SAW
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Pig. 13 Spectrum Analyzer Photographs Showing the
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Fig. 14 Photographs of the Passband Response of Fig. 15 Plot of Stability in PPM of the Conjugate
(A) Conjugate 2.5 MHz Chirp Filter, and 2.5 MHz Chirp Filter Oscillator.
(B) Expander 2.5 MHz Chirp Filter.
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OSCILLATOR SPECIFICATIONS: A REVIEW OF CLASSICAL AND NEW IDEAS

Jacques Rutman

Laboratoire Primaire du Temps et des Fr~quences (LPTF)

Bureau National de Motrologie et Observatoire de Paris
75014 Paris, France

Summary ry of frequency stability characterization where four
main periods may be considered

This paper will attempt at giving an insight into
the various parameters that have been proposed as Before 1964, the need for good short-term fre-
measures of frequency stability. First, well- quency stability arose in the development of many
documented classical parameters which have gained systems such as Doppler radar, coherent radar, mis-
wide acceptance will be recalled. Emphasis will be sile and spacecraft tracking and guidance systems,
put on the transfer function that links any statistical communication systems, frequency standards, etc.
time-domain parameter to the spectral density of the Much work was done independently by many groups but
frequency fl,:ctuations. communication between them was severely hampered

by the lack of common ideas, concepts and terminolo-
Then, other parameters which have been indepen- gy. At the beginning of the sixties, the need for clari-

dently proposed as possible substitutes for classical fication was obvious.
time domain parameters by several authors will be
presented, using a common terminology throughout 1964-1966. The first (and unique up to now) sym-
the paper. The review will cover the "transfer func- posium devoted solely to the subject of short term fre-
tion approach" (Rutman), the method of the "finite ti- quency stability was held in November 19641. Follo-
me frequency control" (Picinbono et al), the time do- wing this symposium, a technical subcommittee dealing
main parameter E[Sfm (De Prins et al) and the with frequency stability has been created within the
"structure function approach" (Lindsey et al). The IEEE, the ultimate aim being an IEEE standard on the
transfer function will be given for each parameter in definition and measurement of both short-term and
order to show their respective properties. The links long-term stability. A special issue of the Proceedings
between the various approaches, and also the links of the IEEE devoted to frequency stability was publi-

with classical parameters will be shown, shed in February 19662. It is during that period that
the first basic papers dealing explicitely with concepts

In particular, a three-sample modified sample such as time domain and frequency domain characte-
variance will be defined which has specific advantages rization were published

3
. 4, 5.

relatively to the classical two-sample variance ; it
will be linked to the 3rd structure function of phase 1966-1971. After 1966, many people have used

noise. Also, the time domain parameter ECifn3 will some of the parameters introduced in references I
be linked to the first structure function of frequency and 2. But some important questions still needed a
noise and to the two-sample variance with non adjacent clear answer, such as : what measurement process

samples. The Nth structure function of phase noise should be used to get an estimate of tie variance of
will be shown to be nothing but the Hadamard variance frequency fluctuations averaged over a time interval
weighted by binomial coefficients (Baugh). ' ? In 1970-1971, the IEEE Subcommittee gave

some answers by recommending two measures for
frequency stability, Sy(f) in the Fourier frequency do-

Introduction main and ry(' ) in the time domain
6 , 

7. During that
period, many scientists around the world realized that

Since many decades, the ever-increasing use of much work (both theoretical and experimental) was

electromagnetic waves has created a need for better still necessary in order to get a good understanding of
and better frequency control in frequency sources, the problems involved in oscillator frequency stability
Very high stability sources have been developed, such characterization and measurement.

as quartz crystal osc illators, atomic frequency stan-
dards and more recently saturated-absorption fre- After 1971, the two recommended parameters
quency stabilized lasers. These devices are now used have gained wide acceptance in the time and frequency

in a very great number of scientific and technical ap- community
8

, especially the square root of the two-

plications. Hence, many people (oscillator manufac- sample zero-dead-time (Allan) variance r2 (t).
turers, scientists, users, etc.) need very precisely But during the same period, several authors have
defined specifications for frequency stability in order independently proposed other approaches with new
to make meaningful comparisons among various sour- parameters which are believed to exhibit some speci-
ces, and also to be able to predict the performance of fic advantages when compared to a classical parame-
systems using these sources. Many papers have been ter such as (r

2 (?V). Also, some authors have pointedy
devoted to the characterization of frequency (in)stabi- out that mathematical mistakes had been made in the

lity during the last fifteen years. Before presenting pioneering papers of 1964-1966, although many useful
the goals of this paper wich deals mainly with instabi- practical results were obtained.

lily due to random processes, let us recall the histo-
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The goals of this paper are mon to introduce the instantaneous angular frequency

of the signal defined as the time derivative of the to-.to recall briefly some of the mathematical pro- tal instantaneous phase 3, 4, 5, 7.

blems that arise when dealing with random mo-
dels for phase and frequency noises in oscilla- (Wot 4- i -J- (3)

after a description of the classical parameters, where (t) = _t is a random process denoting
to present the non-classical concepts and para- dt
meters that have been proposed by several au- angular frequency fluctuations around the value of
thorsl

0
, 22, 23, 24, including the relationships tegl nreecllator. Vron the at,between them when they exist, and with Sy(f)and/ the ideal noiseless oscillator. Very often in the past.

ortw ( . In particular, emphasis willb e put both W,(t) and &(t) have been assumed to be simulta-
on the transfer function that allows one to link neously zero mean, stationary random processes. Inany time domain parameter to the spectral den- fact, things are not so simple when dealing with deri-

aytff.o e vative or integral of random processes 10, 11. Let us
sity S Wconsider some of the problems that may appear.

With new sources to be developed and new applica-
tions of ultra-stable oscillators, a need formore so- Stationarity of %E(t).
phisticated parameters than the classical ones used
to-day may arise in the future. Also, these new para- As far as the model is concerned, it is very con-
meters may be better tools for studying the statistical venient to assume a priori the stationarity (at least
properties of noise in oscillators, at the second order) of %((t), since much of the theory

or random processes is only valid in this case, espe-
cially spectral analysis using the correlation function

Mathematical models for phase and frequency noises, and the spectral density 1
. 

But the theoretical analy-

At first, it is important to emphasize on the fact sis of internal white noise in oscillators leads to a

that the two following facets are often confused
9 , 32 phase diffusion process analog to the Brownian motion

which is clearly a non-stationary process1 2 , 
13,14 ;

the real world, with its physical -vices, mea- in this case, it is impossible to introduce rigourously
surement apparatus, experimentai results deri- a correlation function or a spectral density of the pha-
ved from reading meters, counters, dial settings se, although it has been made by many authors. More
and so on. generally, when physical arguments show that it is
the mathematical model, with the means and ru- reasonable to use a stationary model for j (t), it can
lea for operating with the symbols introduced in be seen from the integral relationships between i(t)
it. and T(t) that the latter is not always a stationary

In an ideal world, the correspondence between the process with integrable spectral density . Whenl 7

physical reality and the model should be perfect. In dealing with the power law spectral density model

fact, the real world is so complex that many details which has been found very useful to represent the va-

are ignored in the model and therefore, the crious types of noise in sources, one has to be aware

pondence is incomplete and imprecise. On the other of the problems due to the non-integrability of these
hand, some properties that have no direct meaningful laws and hence of their lack of significance as spec-
counterparts in the real world have to be introduced tral densities when they are extrapolated down to the

zero frequency.
in the model in order to make a tractable model (eg :

stationarity properties of random processes). In any Existence of i(t).
case, the model must be well defined from the mathe-
matical point of view. Another problem when dealing with models for

For oscillator specifications, the model which has phase and frequency noises is that the quantity i(t),

been found useful in order to represent the instantane- whose physical interpretation seems obvious, is not

ous quasi-sinusoidal output signal reads as
7 , 32 always mathematically defined since many random

processes have no derivative at least in the function

V(t) V [ tEft)] A{.2)t +- (1) sense (eg an oscillator with phase jumps at random
instants, or with a phase diffusion process)1 0

.
Vo and -)o are the nominal amplitude and frequen-

cy respectively ; E(t) and NC(t) are random processes As a rule, a stationary process f(t) is diffe-
denoting amplitude noise and phase noise respectively. rentiable in the mean square sense if its correlation
Amplitude noise does not contribute directly to phase function RX(V) has derivatives of order up to two
noise, although AM to PM noise conversion can occur the correlation function of i(t) reads then as

I 
1

in some non-linear devices. Very often, E,(t) is ne-- - -(

glected and the model reads as : i (it) (4)

V (t) . V 4.;IK t (2) In conclusion, one has to be very careful when0 dealing with mathematical models for phase and fre-

The key element in this model is the random process quency noises since one may be led to use non-existing
T(t) whose statistical properties have to be epecified quantities such as i(t) or SV(f) . The reader is

(eg stationarity or non stationarity) before doing cal- referred to the references for more details.
culations or using results from the random process
theory. In working with this model of \t), it is com-
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Characterization of frequency stability : a review of been suggested as measures of frequency stabil.ty in
classical ideas, the time domain. Severi.l cases have to be considered

according to whether the data are continuous or dis-
Sources manufacturers and users are obviously crete, infinite or finite in length.

interested in the stability of the output frequency and
hence, as far as the model is concerned, with the sta- Continuous data and infinite data length.
tistical properties of i(t), assuming that this process
exists. We now survey the classical parameters that One of the first parameters that has been sugges-
have been introduced as measures of frequency stabi- ted

3 , 
4 as a measure for frequency stability over a ti-

lity
3

, 4. 5, 7 . The Hadamard variance
1 5 

which is used me interval t is the true variance of 7k defined as *:
by several laboratories will be also discussed here. a -4 (8)I(') = o- ~ J= (j-r> 8
Fourier frequency domain.

This definition implies continuous data and infini-
Any stationary random process may be characte- te data length ; more practical situations will be con-

rized in the Fourier frequency domain by its spectral sidered later.
density which is the Fourier transform of its corre-
lation function

I I. L tus denote the frequency fluctua- The relation between I(r) and S (f) reads as
3

' 
4 :

tions by &)(t) = a and the fractional instanta- e
neous (angular) frequency noise by: ",'() S S(F) " 1 d9

4t) 
)t)

= (5) This relation shows the limitations of the true va-
WOe %)riance 12 (t ) as a practical measure for frequency

Assuming that (t) exists and that it is stationa- stability : since the transfer function that appears in
ry, it is 2 ossible to consider the following spectral the integral behaves as I for ITtf << I, 12(Z) is very
densities3 Sj (f) , S,, (f) and Sy(f). If *t(t) is also sensitive to the low Fourier frequency components of
a stationary process, its spectral density S ( (f) is S (f) which may be due to more or less random slowy
defined unambiguously. The relations between these drifts. Moreover, the integral diverges for the flicker
spectral densities read as : frequency noise model (Sy(f) vf- 1 ), whereas flicker

SqC)= 4 1lF L SC() = (6) frequency noise has been found to exist in all sources,

= - S(F) - . ) (6) at least over a finite Fourier frequency range going

4 down to very low frequencies. That is why the true
9' 'variance is an idealization whose utility is very limi-

The IEEE subcommittee has recommended the ted for practical characterization of real oscillators.
use of the one-sided spectral density Sy(f) on a per One way to get rid of these problems is to consider
Hertz basis as a measure for frequency stability in the more realistic case of finite data length

4
.

the Fourier frequency domain
6

' 7. The actual experi-
mental estimations of spectra can be quite elaborate. Continuous data and finite data length.

Time domain. The definition of I* (t) assumes that y(t) exists for

all time but in practice, real signals only exist over
Although the spectral density Sy(f) contains the some finite time interval T0 . Under these conditions,

whole information on the relative frequency stability, one can only make estimates of true statistical para-

experimenters often need a quantitative measure of meters, these estimates being themselves random va-
the level of frequency fluctuations measured over a riables with average values, variances and so on. In
time interval 'T: this is the primary goal of a time our problem, the average value I2 ( V ; TO) of the es-
domain parameter. Since random phenomena are in- timate of 12('r made over a time interval T0 is rela-
volved, many measurements have to be made, each of ted to S (f) by :
duration t, before calculating a statistical meaning- y
ful parameter such as the variance. llt. 4 F $rtT)f (10)

In the following, we will use mainly y(t) which is It differs from equation (9) in that the low frequen-
assumed to be a zero mean stationary random process cy part of the spectral density (below about T;I) is
Any experimental apparatus devised to measure the effectively removed before the integration" . In par-
(fractional) instantaneous frequency always involves ticular, the integral converges for the flicker frequen-
a finite averaging time interval t the result of one cy noise model since the transfer function in (10) be-
measurement of duration 'Z beginning at tk will be de- haves as 1 _('-V)" F& for TI (T o - 'r )f <4I.
noted an: 3

tds. Let us now consider the case of discrete data
.. L(9) (7) which is closer to the physical reality when measure-

IL Ir ments are made with digital counters.

Obviously, 
7 k is a random variable and statistical As only one (or a few) oscillator is usually avail&-

parameters have to be used to measure the dispersion ble to the experimenter for measurement, one will

of 7j, when many measurements are made. use time average of random quantities, the infinite
time average of x being denoted as <x>.

We present here the various parameters that have *To-Iappears in place of Toin (10), since only To-'-C

is available for averaging.

' " . . .. I Ill I l III I I Il I . .. . ... I • Ill~ll2 3"



Discrete data. as an idealization, it has greater utility than 1Z( v
since it converges for noise processes that do not have

As the period or frequency counting technique convergent0'2 (N, T, T', f,4 )> as N--oo (particularly
using digital counters is very often used for data acqui- for flicker frequency noise).
sition, estimates of 17(V) or I2 ( t; TO ) have to be
made from a finite number of discrete samples of 7 k" For N = 2 and T = , equation (12) reduces toI 7

An analysis of this estimation process involving the 00 AA"n t F
sample variance has been developed by Allan 5 and will S (t) S M ) ) & (14)
be recalled here. Let us consider a measurement cy- where the transfer function behaves as ZC tF )2 for
cle involving N discrete measures of 7i, with T the whee te teainin she o verec for

averaging time, T the time interval between the begin- "flef 1  e e fogure 2). y

nings of two successive measurements (T = V + dead #f-I (see figure 2).
time between successive measurements), and f . themeasurement bandwidth sfigure m). The sample varian- The plots giving lry('C) versus tr are now very
ce is defined asit ( familiar to everyone working in the field. In certain

cases, the laws of O"y(C) versustenables one to dedu-
# 4 (. (... 4 ll ce the kinds of noise that exist in the source7 , but the-

J. ( re are some limitations due to the fact that the main
S a i lobe of the transfer function shown on figure 2 is too

Ite ste Il a r abe wose in time wide to allow high resolution spectral analysis of y(t).
average <M,_tT-t, %)> has to be considered in order As an example, both white and flicker phase noises
to get a statistically significant measure of frequency (S ( (f) = constant and ^f'1, respectively) lead to a
stability. Z-t law for O" (C). In fact, the two-sample variance

For noises for which 12( V ) exists, it is the limit is a useful time domain parameter whose primary use
of <as N-0 . But in many cases, it is not spectral analysis (although it is possible for so-

would be wrong to assume that<r'CP#,4T t m)> converges
to a meaningful limit as N-= 0 5, 7, 1B. The following The Hadamard variance.
relation has been established by Cutler 7 :

I__y__ _, NIT Since the spectral density is a very important pa-
'4- , (I w) (2) rameter, and since time domain measurements of i

with counters are very convenient, Baugh has introdu-
For NWTf C( , the transfer function behaves as ced a statistical parameter, the Hadamard variance1 51

and which allows one to make estimates of Sy(f) from mea-
frequency noise model. surements of 7i. The Hadamard variance is defined

ckerfrom ensembles of N measurements of T. as follows

The two-sample (Allan) variance. (see figure 3a)

In order to improve comparability of data, it is _ . . ),> (15)
important to specify N, T~t and f . with any results. As any other time domain parameter, it may be writ-
In 1971, the IEEE subcommittee has recommended the ten under the general form
choice of the two-sample (N = 2), zero-dead-time (T = to

V ) sample variance , . The proposed measure of t  (
frequency stability in the time domain reads thenas*: 19 (16)

where IH ,Ff)1 is now given by19 (see figure 3b)

O"2 ('V) is an idealization in the sense that only estima- Atciha 17)i
teys of the infinite time average can be obtained experi-Although this transfer function has a narrow main lobe

mentally over a finite total duration time1 6 .  eer centered at Fourier frequency f 1  , it has two

I I limitations :
The factorn..was chosen instead of -M in order to . when T = I' (adjacent samples), spurious respon-

get an unbiased estimate of the true variance for ses exist at odd harmonics of fI ; this can be partly
white frequency noise, for any finite value of N),2. eliminated with an optimum dead-time between sam-
Other factors may be chosen in order to suppress ples 1 5 .
the bias for other noises1 S . Often, f" is not ex- . the transfer function has large sidelobes around
plicitely stated in the formulas, the main lobe ; these can be modified or even elimina-

"No recommendation was made for the value of fq ted by multiplying each i within the set of N measure-
to be used. Ar 2 (T) may depend on f. in some ments by an appropriate weighting coefficient ; the
cases , it is important to specify f~with any expe- binomial coefficients completely eliminates the side
rimental result (I or 2 kHz BW is often used). lobes 1 5 . The Hadamard variance weighted by binomial
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coefficients (B. C.) reads as*: tionships between time domain and frequency domain

a 4_. , .) &)> measures
2 2

. The practical interest is that it leads to

<0s4 = ~ <' ((8. an easily implementable experimental test set using
with N even. the phase detector technique : the defined parameter

In this case, the transfer function is given by 1 9 ' 20: is measured by analog filtering the demodulated pha-

.g6-1) se noise at the output of a mixer driven with two si-

|tM!F'i -Z A 
i rT iV (19) gnals at the same nominal frequency and placed in

sc it FquadratureZ 6 .

Figure 4 shows this function for T = '' and N = 10.
Two new variances have been defined using this

Experimentally, the Hadamard variance is very approach.

useful since it extends frequency domain measure-
ments down to very low Fourier frequencies using a The high-pass variance O'e't

digital counter working in the time domain with long
If. Other improvements have been proposed in or- It is defined by high-pass filtering the demodula-
der to suppress some of the spurious harmonic res- ted phase noise If(t) with a filter whose low frequen-

ponses
1
g, 20, 21. cy cutoff is I~ = (7ri- )-1 . More precisely ***.

New ideas for characterization of frequency stability, a- I. TM (21)
The detailed study of ir(.1) has shown that it has

Following the recommendation of the IEEE sub- the same general behavior as so2 ('n), except for a

committee, the two-sample variance has been very numerical constant of the orderZf unity. Particular-

widely used as a time domain measure of frequency ly, both have the same laws versus " and the same

stability. However, several authors have found dependence (Or indeedne versus V for the a

useful to develop other approaches leading to new dependence (or independence) versus f" for the po-
wer law spectral density model. Also, the high pass

parameters which are believed to be more "efficient" behavior of sin
4
+?M" explains clearly why 4r

2
( r ) is

than r2 (') in some respect. The Hadamard varian- not selective enough to give two different lavYs ver-
ce was

y a first example of a parameter with greater ntslcieeog ogv w ifrn aevr
spctrwa anairs eampal y ofasus V for white and flicker phase noises for which

spectral analysis capability. 0y() e-1. This parameter shows clearly that

In this section, we present the main aspects * the stability over a time interval ' is equally due to

of these other approaches while trying to establish all Fourier frequency components of S V (f) lying
theinseten apphesand wietrying he clsscalis above f. = (Tt )-I, and hence that the periodic be-

the links between them, and with the classical pera- havior of sin invF in equation
meters. Emphasis will be put on the transfer func-
tion H(f) since each new parameter 2(V) may be . o S M i (22)

written as : it (.20) in

Sjt( 1M-I F (20) is not critically important for the general behavior
of O"

2
(t ). A bandpass filtering of the demo-

Instead of using the various symbols used in the ori- dulated frequency noise is also possible
3 4 

to estima-
ginal papers, we will use here the terminology usual-
ly used in the time and frequency literature

7 
except te

when new symbols are necessary for clarity. The

review will cover approaches proposed by Rutmar
,  The bandpass variance.

Picinbono et a
I 0

, De Prins et al3 and Lindsey et Having recognized the origin of the lack of se-

al
2 5 . lectivity of gr2 

(VC) or 1"(T) , it is interesting to

define a new variance in such a way that its transfer
The transfer function approach2 2 .  function be selective, i.e. bandpass. The first at-

tempt through a more complicated measurement se-

Classically, any time domain parameter V2(?r) quence in the time domain was the Hadamard varian-
is defined by its measurement sequence in the time ce with its inherent limitations. The transfer func-

domain (involving quantities such as N, T, V and tion approach allows one to define a bandpass varian-

possibly weighting factors). Then the relationship ce in a logical way as
between r 2

(Vt) andSy(f)is established and reads as t

equation (20), where the transfer function H(f) is T. V 5rJ ) 
"" i)r 1  5 (23)

the Fourier transform of a discontinuous function of 0

time which resembles the measurement sequence where H,,(f) is the transfer function of a bandpass
(as an example, see figures 2 and 3). Hence, the

transfer function results unambiguously from the
measurement cycle. The weighting by binomial coefficients appears

in a logical way by considering the Nth phase

In the transfer function approach, a time domain increment introduced in 1966 by Barnes
3 3 

and

parameter is defined by its transfer function even if used again in 20, 24, 2 5
no practical measurement sequence exists in the ti- AA For more details, the reader is refered to the

me domain (i. e. implementable with a digital coun- original papers.

ter). The theoretical interest of this approach is ** By analopwith the relation between (t) and

that it leads to a better understanding of the rela- S (f), see equation (22).
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filter whose center frequency is equal to* fo (2)-I best of my knowledge, frequency noise processes with
and with constant Q factor as fo varies. oC.t have not been reported for real sources over

the Fourier frequency range covered by exisiing expe-
The selectivity is now sufficient to distinguish rimental measurement systems, Besides, I3 (W;T.)

between white phase noise and flicker phase noise for is believed to be more adequate that (T ) for se-
which O,,1) V Z" 3  

and 47j,(r) tv le respec- parating "slow" from "fast" fluctuations in y(t), and
tively (with no dependence on fmt ). For other noises also for the precision obtained by finite-time measu-
such as white or flicker frequency noises, C(T) is rements1 0

.

an estimate of the two-sample variance.

Discrete data.
Obviously, the bandpass variance is nothing but Since digital couiters give only discrete samples

an analog constant percentage bandwidth spectral
analysis of phase noise presented in the time domain yi, an estimate of (t7;".) using N values of7,tnin s(i = I to N) must be considered. With N odd, a modi-
through equation (23). In a certain sense, the band- fied sample variance may be written as
pass variance is the ideal ultimate goal which is pur-
sued by improving the Hadamard variance 

1 9' 20, 1 2. - 4 1' 27

since all the improvements are made in order to get : (N T ) .j (27)

a narrow bandpass transfer function without any side-
lobes or spurious harmonic responses. - t

10 within the set of N samples. XV(N,T?) is itself a
Method of the Finite-Time Frequency Control random variable the infinite time average of which is

related to S (f) by
0

:

Continuous data. y Go

Noting the limitations of lry(Z) with regard to I )>sf( T ) 4 ;N1TT) (2 8)

the possibility of separating "slow" fluctuations from For N*Ti'.c, 1, the transfer function behaves as
"fast" ones (i. e. to speak of "short" term and "long" a 4 LT) 

4

term stability) and with regard to the possibility of (N 3- 36 and the convergerce exists for St
making an accurate spectral analysis of y(t), Picinbono up to v( 4 5.
et all

0 
have developed a method based on the study

of the quantity t..~. A modified three-sample variance.

-- 4 2 With arguments similar to those used for the clas-

k*- .'3's sical sample variance 171( NT, t ) , it is interes-
tin t9 consider a particular modified sample variancewhich is obtained by substracting from 7t its time 7-"F e ,'T, T:) namely the one with T=

average over an observation time T o arount t (not to ( ,
T appearing in (N, T,) . (adjacent samples) and N = 3 (the smallest possible

be confused with T a ng in of value of N with this parameter). Then, equations (27)
The variance of this quantity is a rrodified version of and (28) reduces respectively to
the true variance 12(T) given by equation (8), which
is now also a function of To ; let us denote it as: 1

(t)L (3tj)--_-4 - - (29)

=crLE[ YL.,T (25) 33>(9

Since y(t) is assumed to be a zero-mean process, the (). 5,(F) .46 -(I) V'&'7mF a (30)
true variance is the limit of 3 1 (;T) when T o  - J't

do. .0

The interest of ~(VT) with respect to other The transfer function is such that Xler) is conver-

parameters such as I ok), 1thpT,) or 02(0 co- gent for a( up to ((5. It is easy to see that

mes from its relationship to Sy(f), since 10 : y t is the square of the Fourier
zE (J.1 .( o WT. F transform of the measurement sequence of

'3(t 1 T.).4 ()IMF &F 4 (t -'-$ (see fiure 4). For values of 4K
where ors (t') converges, X (t' V n &' (

This expression differs from equation (9) in that the hee (t' convers nd and q Cv )

low frequency portion of the spectrum is removed be- have the same laws versus and f and very close

fore the Integration. For wTJF " . , the transfer numerical values.

function in (26) behaves as 14-(TF)4 and the fil- Time domain approach using EEVI 23
tering is hence more abrupt 'that the one appearing
in equation (10) giving "E'(T rj') . Another time domain approach has been suggested
More precisely, for the power law spectral model by De Prins et al which is a measure of the dispersion

(F)ma / F a , 12(t) is finite for - up to st< 1, of instantaneous frequency measurements made over
12(t" r) "r ) and 4(. (NT fi)> for s up to c < 3, an ensemble of sources at time to+ mTs (m integer),

whereas 59 S(, e) is finite for s( up to at • 5. relatively to the reference time to.

Hence, the finite-time frequency control method al-
lows one to study spectral densities with greater ex- *It is the center frequency of the first lobe of
ponent ("stronger nonstationarity") without divergen- h Wvk for which Q = 1,.37.
ce problems (at least for f - 5). However, at the
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Let us assume that y(t) is sampled at t0, t =t +T Structure function approach 2 4 , 25
.tm=to+mT. with a zero averaging time to. $This

sampling gives a set of instantaneous values of y(t) Lindsey and Chie have re-interpreted oscillator

yo' Yl .. ym The parameter is then defined as * instability measures in terms of the Kolmogorov
2 9

structure functions. When applied to phase and fre-

E= E (31) quency fluctuations in oscillators, this approach plays
a unifying role and offers a unified mathematically cha-

Since only one sample of y(t) is usually available to racterization of phase instability and frequency instabi-
the experimenter, this parameter has to be estimated lity ; besides, it shows the degree of sameness of the-
according to the measurement sequence described se two concepts and their interconnections with other
in

2
7

.  
stability measures. In particular, it has been shown
how I2 ') and o,2(V) are related to structure func-

The relation between this parameter and Sv(f) tions' . It wille shown here that other parane-
reads as27 ters such as L(r;. er) a er)  3

EIs ==: !S (V)4 V' i () and (T, V) may also be re-interpreted in
AV 4 terms .Of structure functions.

where the transfer function is now a periodic undam- Other advantages of structure functions have been
ped waveform. Application of this relation with the outlined in

Z 4
' 25, especially its ability to deal with pro-

power law spectral density model allows one to study blems associated with the long term frequency drifts

the evolution of ECS1'] with m, which represents the and the flicker-type noises.

evolution of the dispersion of results as time pas-
ses

2 3
, 27. This is quite different from the evolution Definition of structure functions.

of a variance with averaging time '" (which is assu- The Nth increment, N > 1, of a random process
med to be zero in (31) ). In particular, for white fre- x(t) is defined by
quency noise, EfA,.] is constant, whereas for
flicker frequency noise, a logarithmic variation in Ax(rt) t.().(N-.-) (36)
time appears

2 7
. Ii=*

x(t) is called a process with stationary Nth increment
30

Relation with the sample variance, if the following mathematical expectations

Although the approaches are quite different from E __(tt2 - £() (37)
the conceptual point of view, a simple relation may
easily be written between ES ] and the sample E T - .(T: (38)
variance since for N =2 and t = 0, equation (12) "' ;

may be rewritten as : exist for all real T and V and do not depend on t. It
L means that e.(t;t) has a time-independent mean

< , ) > =- Z M TF (33) and its autocorrelation depends only on the time diffe-
a rence (wide sense stationarity).

And hence, denoting T mTs, one gets ** !
1

/--T-,V > (The function D (N)tr.t)is the structure function of
the Nth increment. In the followirg we will consider
mainly the case where T = 0 ; D3) (t ) will then be

Non-zero averaging tin.e referred to as the Nth structure function of the process

By keeping the same philosophy as above, it is x(t) :

possible to introduce a non-zero averaging time t "- r 0 0 )

in the definition of the parameter, being thus closer to DM (r) (39)

practical measurement sequences. Then, yo and ym For oscillator stability characterization, it is interes-
in (31) are replaced by 7. and 7 m (sel equation (7) ) ting to apply this concept to the phase proc~ss (t)
and the new parameter, denoted I, (T;-') , is equal first***. For a better understanding of D (.r)

it is interesting to re-write it in terms of the 7 's.

• E C 3 denotes the mathematical expectation
In this approach, for a fixed value of I t I,(Trt)is operator.
plotted as a function of T. The bias function B2 stu- ** Ergodicity is needed for identity of ensemble
died by Barnes 2 8 is useful since it gives the link averages with infinite time averages.
between <4';(2,TV)> and <ri: (Z,,e')>. *** The Nth increment of the phase process has been

For T > " <r u r,,, > =- +C (r for previously used by Barnes 33 as a powerful means
white and flicker phase noises of classifying the statistical fluctuations of the

a fphase and frequency in oscillators.< i(ZT,)>=ai'() for
white frequency noise ;

<a- ( T .(t ) for< 1 Z T > > a
flicker frequency noise.
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Interpretation of D ()2Ct. From equation (19) with T =r and equation (46), it

By definition, D4N)( rt') involves the instantaneous is easy to deduce the very important relation between

values of %((t) at t, t+t , t+2. t+Nr . The ith DJo,( (f)

value .C(t +(i-l)V ) with i = 1 to N + I is weighted by I_ ( (IC ZSP(4

_(l)i whenNis odd and by ((4)7i when N)

is even. The two cases arise because the last term which shows clearly the interest of using higher order

C(t+NV) has always a positive sign by definition of from the point of view of convergence for spectra with

e (t;,r) . It is easy to show that the Nth incre- power laws.
ment of f(t) may be rewritten in terms of the 71 (i = It is important to emphasize on the fact that t(t) pos-

I to N): sesses a power spectral density in the usual sense only
.I.N.4.\ -  if it is stationary if it is not, it may be convenient to

t;V). W - _ N odd (40) define formally S . (f) by the relationship:

N eve (41)) 4-V F (48)

At(f)in 4)( -:.)Oi Although the Hadamard variance was explicitely defi-

Let us now consider the successive values of N. ned with N even, equation (47) is valid as well for N
odd ad may be rewritten s: s . 4W

Case N = 1. -Dfr) ,'(-.)9 't) S CF) (nTr)&
4 Phase instability vs frequency instability.

(4)-- 44 Although these concepts are often confused, two diffe-
andD~(t)= . 1t E -: ] : '~'. I

1 (t) rent definitions may be given
2 5 related to the first

structure functions of phase and frequency relatively.
The true variance is hence directly related to the first

structure function of the phase process
2 4 , 25 : Phase instability.

I. ('t') = "J (42) r 1s I.(tr) of an oscillator is defined as the ratio of the

rms value of the amount of phase noise accumulated
Case N = 2. in t seconds to the phase accumulated if the oscilla-

tors were perfect (W.T):

The two-sample zero-dead-time sample variance is This is nothing but the classical true variance I (V)

simply related to the second structure function of the usually presented as a measure of frequency instabili-

phase process
2 4 , 25 ty (see eq. (8) and (42) ).

-(IC) - / (43) Fractional frequency instability I%(T) of an oscil-

- # r . lator over a time interval T is defined as the rms

Case N = 3. value of the amount of instantaneous fractional frequen-

cy deviations taking place in T seconds

A comparison with equation (29) shows that the third gis p ater ith T = preter n

structure function of the phase is simply related to given by equation (31) with T rTs. Frequency insta-
the three-sample zero-dead-time modified sample bility over T is hence defined in terms of the first

variance introduced in this paper following the ideas that each frequency measurement is made instanta-

of Picinbon et ~pactal usateahfeulncessurmn of madeinstnta
o n neously ( It= 0) which is a serious limitation to the,() l I } ) (44) practical usefulness of 1,,(T).

3w,- FelC
For stationary frequency fluctuations, the follo-

Case where N is even, wing limits hold

The Nth structure function of 'c(t) reads as :

It a -The general behavior is hence very different from the

A look at equation (18) shows that the above mathema- one of 12 (,) since

tical expectation is nothing but the Hadamard varian-

ce with adjacent samples weighted by binomial coeffi- & N. ) CE Z[ '(t) 44g. 1(t). 0 (52)

cients
1 5 :s

<TJ 7t (46).- ,.,,

L .__ ,,
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SPECIFICATION AND MEASUREMENT OF OSCILLATOR PHASE NOISE INSTABILITY

W. C. Lindsey C. M. Chie
University of Southern California LinCom Corporation

Los Angeles, CA 90007 Pasadena, CA 91105

ABSTRACT write a meaningful phase noise specification the
engineer needs a theory upon which system perform-

A current problem of interest in the telecommun- ance measures can be evaluated and tradeoffs made
ication, Doppler measuring, radar and ranging sys- as functions of the phase noise model parameters.
tem design, and procurement is that of specifying In addition, phase noise model pa'ameters must ae
system phase noise characteristics. In order to verified by direct measurement of the underlying
write a meaningful phase noise specification the disturbances. Unfortunately, phase noise, unlike
engineer needs a theory upon which system per- thermal noise which is well approximated by a delta
formance measures can be evaluated and tradeoffs correlated process, does not possess a constant
made as functions of the phase noise model para- power spectral density for all frequencies; not only
meters. In addition, the phase noise model para- does this fact make it difficult to measure but makes
meters must be verified by direct laboratory it more difficult to develop a working theory from
measurement, which performance can be predicted tl], 1£T.

One of the main purposes of this paper is to It is interesting to note that in order to determine
demonstrate that the performance measures of tele- the effects which thermal noise has on a cornmunica-
communication and Doppler measuring systems are tion link power budget (useful in predicting system
found by appropriately weighting the PSD Sy(f). We margins), one only needs the system noise temper-
note that the frequency range of interest in S (f) ature from which the noise power spectral density
depends upon the system application and perorm- N o watts /Hz can be determined. However, when
ance measure selected; this fact will be demon- phase noise is assumed to be present in the system
strated. model, the state of affairs is quite different; in this

case the engineer also needs the power spectral
The paper will begin by reviewing the role which density of the frequency instabilities say, Sy(f) 121.

structure functions have in the theory of oscillator
;hase noise. We then turn to study the effect of The paper will begin by reviewing the role which
phase noise on various applications where oscillators structure functions have in the theory of oscillator
are involved using these functions. We shall analyze phase noise £13, £21. Interconnections of phase
a particular measurement scheme where the test structure functions and the present 'standards'
oscillator is phase-locked to a voltage controlled will be pointed out. A commonly encountered ex-
crystal oscillator, the so-called two oscillator test ample of an oscillator with frequency drift and power-
set-up. The effect of phase noise on the perform- law type PSD will be given to demonstrate the inter-
ance of ranging, Doppler and coherent communica- connections.
tion systems as well as various modulation and code
generation schemes will also be considered in terms Once this notion is clarified, we turn to study
of structure functions associated with the oscillator the effect of phase noise on various applications
instability. where oscillators are involved using these functions

and the filter approach. One immediate application
With the above discussion in mind, we shall is in laboratory phase noise measurements. We

address the problem of specification of oscillator shall consider a particular measurement scheme
instability for different applications. Since the where the test oscillator is phase-locked to a voltage
r-domain and f-domain can be interrelated, the T- controlled crystal oscillator, the so-called two
domain and f-domain specification and measure- oscillator test set-up. What we observe in such a
ments are actually equivalent. We shall demonstrate set-up is a filtered version of the phase noise
this point by giving examples where the Allan vari- process, tht filter being the phase locked loop. In
ance is known and we calculate the rms fractional addition, if we work with increments of the phase
frequency deviation and the spectral density from noise process, we are, in effect, passing the phase
such data. noise through a digital filter. We shall give a

detailed discussion in this paper of the effects of the
I. INTRODUCTION closed loop transfer function on the measurement

and how the measurement can be reflected into the
A current problem of great interest in tele- true PSD of the phase noise process. The effect of

communication, Doppler measuring, radar and rang- phase noise on the performance of ranging, Doppler
ing system design, and procurement is that of speci- and coherent communication systems as well as
fying system phase noise requirements . In order to various modulation and code gener-tion schemes will

also be considered in terms of structure functions1
By phase noise we mean any distortion which des-

troys the line-width of the created microwave signal associated with the oscillator instability.

by the process of phase modulation. There are vari- With the above discussion in mind, we shall
ous components, e.g., flicker noise from the source, address the problem of specification and measure-

.! media effects, AM to PM conversion from TWTedamplifiers, etc. ment of oscillator instability. For several applica-
etions the PSD of the frequency noise process is the
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most convenient form for use in specification work. viz.,
There are other reasons for such a choice. In
particular, we shall show bow frequency multiplica- y(t) = Ety(t)] + 7(t) (4)

tion affects the RF power spectral linewidth. This
information cannot be directly obtained from I' - where 7(t) is a zero mean random process and
domain specification such as the Allan variance. The N-I dk

less convenient T-domain measures which are, how- E-y(t)] k t k (5)
ever, useful in a particular application, should be T

specified in terms of the two sets of stability func-

tions of the filtered frequency and phase noise process. Let us denote the PSD of the process 91(t) by Sv(f)

We have seen this in clock application, viz., the rms (instead of S ,(f)) to comply with the "standard"

fractional frequency deviation and the Allan variance, notation [3. Notice that if d I =... = dN.l = 0 in (5)
then ?'(t) = y(t) and our generalization reduces to the

Finally, we shall bear in mind that the r-domain conventional definition.

and f-domain can be interrelated. Hence the r-
domain and f-domain specification and measurements It is well known that taking higher-order incre-

are equivalent. The only point to make is that the ments reduces the degree of a polynomial. In

PSD is what is needed in writing specifications for larticular, the (N-I)
s
t increment of y(t) reduces to

a host of applications other than precise time-keeping , lI ( ns the m-tuple (TI1,. n

We shall demonstrate this point by giving a numerical N-) N--1

example where the Allan variance is known and we , y(t; - ) = dNl f k Nl N-l

calculate the rms fractional frequency deviation. We k= (6)

also show how the spectral density can be computed
from such data. and the N increment of y(t) reduces to

Ny~ N) N N
I. STRUCTURE FUNCTIONS IN THE THEORY OF ANy(t; _N = AN (t; N) (7)

OSCILLATOR PHASE NOISE which is independent of the systematic drift. Let us

define the m t structure function cf a process !(t) by
A. Structure Function £1] (assuming stationarity)

We begin by reviewing the role which structure (m)(,m' A E[6"1 t;m) f2(

functions have in the theory of oscillator phase noise D m(

and by setting the "standard" notation 131 adopted in For m =Nwobevtht mm (M) m
this paper. The instantaneous output voltage of a For m = N, we observe that Dy (r ) = D (-
high-quality signal generator may be written as [3 which is independent of the systematic drift. In [Il,

it was shown that DW)(TM) and the PSD S (f) are

related via - y

V(t) = [V0 + (t)] sin[2 rv t + (t)] (1) D M )() = 4 M o (sin ZiT f)S fdf. M N (9)

V 0 and v0 are the nominal amplitude and frequency, y M- Jkf)y

respectively, (W 0 = 2 0 ). e(t) and $ (t) are random Similar results are developed [11 for the frac-

processes representing amplitude noise and phasenois, rspetivly.Theranom rocss (t)tional phase process x~t). In particular, it wasnoise, respectively. The random process I (t) = shown that [I]

d,(t)/dt denotes angular frequency fluctuations and is sw h

often assumed to have a zero mean value. Provided N N.e(t) and (t) are ufficiently small for all time t, d x(t;t_ ) dN l -(0)

the fractional instantaneous frequency deviation =

f., m nominal is defined as M 
[ 

t 1

I t !t( I t M+ll M+l &M It MaN (11)
dt = xt 4(t) (2) A xt~ =

0 and 1 I

The recommended definition for the frequency stabil- kl sin l TT f

itv measure in the Fourier frequency-domain is the D -- )=
4 + 2 S y(f)df; MaN

one-sided spectral density on a per Hertz basis S (f) 0 (2*f) y
o' te purt, real random process y(t). Denoting SY(f) D(M+ l (12)
the i petral density of angular frequency fluctuations, Notice also that D (I ) is independent of the

tl;n system drift. For N=l,2, the structure function of
the fractional phase has long been recognized,

S (f = Z S.(f) (3) namely,

0(1) 2 P P 'ID )('f) =(13)

For most oscillators, the assumption that y(t) x 0 i

has a zero mean value is not always valid. As an k
example, state of the art crystal oscillators exhibit and for (the single argument I denotes (..91)

a typical frequency drift component Fy(t){= dlt D 2
where d is of the order of 5 x 10"

10
/day 41. From D(2)(r) = 2 T C(T) (14)

this point on we assume that the frequency process 2
y(t) has a time-dependent mean drift (possibly zero), vhere Af( (/f 0 and ay() denotes the rms fractional
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deviation and the two-sample Allan variance respec- III. PHASE NOISE MEASUREMENTS USING A
tively [3]. GENERAL LINEAR FILTER APPROACH

In practice, the PSD S (f) is usually modeled by a A. Linear Model
linear combination of power-law PSD's having the
form All physical processes can only be observed

indirectly, i.e., through a filter. As an example,
h hf'' 0 S f ! fh the power spectrum of a process indicated by a

Sy(f) = (15) spectrum analyzer is a display of the energy distribu-
y 0 f >) tion of the outputs of a bandpassed version of the

h process at the appropriate bands. The phase noise

Using this model of S (f) in (9) and (12), we arrive at process is no exception. The general situation is
o mdepicted in Fig. 3. The phase noise 2 characteristics

two important relationships, namely, are determined by observing it through a filter

(M+) Mh 1- G0 (jZrf) which has inherent lower and upper cutoff

D (= . +I F(V- 2 , M+1, rrrfh), " ; M;N (16) frequency f. and fh" In a similar fashion, when phase
rrnoise degrades system performance, the phase noise

and process is also being filtered by a "system" filter

4Mh GI(jZ~rf) with lower and upper cutoff frequencyF£ and
D(M,(M, - ; -( these two models, we see that what we are reallyD(Mv(.My =r.rfh), M-. (17 Fh* This arrangement is indicated in Fig. 4. From

dealing with, i.e., what can be measured and what
where (W not necessarily an integer) affects system performance, is not the phase noise

B process directly, but a filtered version of the phase
F (I mBsiZmi d; (2+1) noise process. Since we are not interested in phaseF(,,B)8) noise per se, we need a characterization of the phase

noise which is compatible with this linear filter
The function F(k, m, B) is investigated and tabulated approach: the PSD. Before we proceed to give
in [5] . For p> -1, F(t, m, B) is dependent on B. important examples (which includes the measurement
However, for -(2m+l) < W <-1, F(W, m, B) is essenti- aspects and system applications of interest) that fits
ally independent of B for B >> 1. The function in naturally with this framework, we want to make
F(", n,w) for -(Zm+l) <ki< -1 is plotted in Fig. 1. the following comments. First of all, since the
Using this curve and the relations (16) and (17), one filter possesses high and low cutoff frequencies, ft and
can determine Sy(f) from DjN+ I )( ) or D(N)(b) which fI of the phase noise is not going to affect appreciably
are readily measured experimentally. Aence, the the PSD of the filtered phase noise (hence all second
use of higher-order structure functions alleviates moment statistics) as long as fl <<f, and fi <<fh. If
the usual convergence problem associated with the it turns out to be a convenient model and simplify
power law spectrum. computation, we can idealize fl = 0 and fh = a It is

only in this context that we allow an infinite phase
B. An Example Illustrating the Application of noise variance, as the case of white or flicker noise.

Structure Functions Otherwise, we must not allow infinite variance and
appropriately specify ft and fh. Secondly, we note

Consider a crystal oscillator with an aging rate that taking the Nth increment of the phase noise is
of 10 1 0 /day, i.e. , N=2 d = 1.2 x 10- 1 5 /sec in (14). equivalent to passing it through a filter with 3

Notice that from (10) and (12), the systematic drift
gives rise to a T dependence of a2 (T), namely, G (j2irf) = H (eJ Z f k - l). This effect lumps with the

4 y 2 k=l.sin4(rrT - f)kl
2 2 + 2  si y~f d (19) measurement filter or the system filter.

(y = zdT+- Sy(f)df (9
B. Two-Oscillator Phase Noise Measurement

If Sy(f) is modeled by a flicker frequency SD S (f) =
h I f with h 1 = 7.2 x 10 2 5 , a (,r) can be delicted The functional diagram and the linear model for
as in Fig. 2 £6, Fig. 16] . NoticY, however, that the the special case of a two-oscillator phase noise test
third difference of 1() is independent of the drift and set-up is shown in Fig. 5 [7] . The loop phase
D4 3 ) (o,) = 4.86 x 10" r.2. The normalized quantity error is given by (p is the Heaviside operator)

= 2.2 X 1 is a constant independent of r.

For comparison purposes, it is plotted alongside
with a (fl in Fig. 2 (the dashed line). In addition, 2
if the i'SD has an dditional independent component For simplicity of notation, we take phase noise to
say, Sy(f) = h.4 f" , from (16) we conclude that t5] denote the frequency noise y(t), if we are interested

in x(t), a factor of 1 /j -rf can be included in G0 (jZ.f).

D()(,) = _ ' (20)
x 4

for this particular component. Thus higher-order 3 The advance operator is due to the use of the forward
structure function provide a general characterization difference definition, for a real system an appropri-offerocescillatorfora rstabielity.prori
of oscillator stability. ate time scale adjustment is implied.
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AKF(p) t] For .- domain measurements, the increment

&+ (2) M

where A is the rms power of the oscillation under test T j 1lHNI l (29)

test, K is the loop gain, F(p) is the loop filter, and k=l 

*11*2 are the phase noise of the test and reference is of interest. The analogous power transfer function
oscillator, respectively. In terms of the loop for the Mth phase error increment is therefore
transfer function H(p) -AKF(p)/[p+AKF(p)], we have

SPN+(f) = 4 M1-HN+Ijaf) I2 . sin2( rk f)  
(30)

[1 -Hp) ( - 2)  (22) k=l

where HN+l(jZ'lf) is the closed loop transfer function
Let us examine (22) more carefully. For a perfect of an (N+])-th order loop. For the case of the first-

(N+l)st order loop, the N-pole loop filter FN(p) has order loop described above, (30) reduces to
-the form 2( f

N ak  M = 4 M j sin (f 4B L )

FN(P) = 1+ ~k= (23) + k=l L BI+(f/4B2
Xi p L (31)

from which we find (H 
(p ) 

is the corresponding -order increment (31) is depicted in
clse-loptrn f ucin fr N() For M=I (first-deinr et(3)sdpcedn

closed-loop transfer unction for FN(p)) Fig. 6(c) for BL= 1. The PSD S (f), when S (f) -

N+I ho/f
2 , is given by

= N+l N N-1 sin
p +AKp +AKalp +...+A~aN h 0 0 7B Lr ____

S (f) - 2 (3Z)(24) 4B L  1+ (f/4BL ,

L L
By considering the steady state behavior of (22), we
see that the (N+I)st order loop is capable of tracking and is depicted in Fig. 6(d).
out a N

th 
order polynomial mean phase drift in ,[ Now let us quantify the ability of the two oscilla-or 'z. Assuming that this is done, we can now letNw eusuatythablyofhewoscl-

Er = A 0. In the case that the reference tor measurement technique to measure the phase noise
phase noise 2= is negligible when compared to the PSD. Referring back to the linear model of Fig.
phase noise 12onegigibuion w1he c est s tor, t5(b), we see that the output phase e of the VCO is
phase noise contribution '11 of the test oscillator, given by

= [1-HN+I (P)II (25) e = [l-H(p)lt I + H(p) 2  (33a)

Hence, what we measured in such a set-up is really Then

a filtered version of 1' namely, by [l-H N+1(p)I. It 2 2
is convenient to define the power transfer function to = 11-H(jTtf)IS, f + IH(izTrf)l S f (33b)
be the ratio of the observed noise spectrum to the 1
original noise spectrum, which is presently Hence for f < B L , the loop outpu' has a phase noise

s y) 2 PSD of approximately S$ (f) and for f >BL, the loop

P(f) = - (f) = 1I-HN+l(j 2zff) (26) output has a phase noise
2
PSD of approximately StI M.

If oscillator 1 has lower phase noise PSD than
oscillator 2 for f<BL but higher for f>B e.g.,

As an example, let us consider the first-order loop oscillator 2 is a temperature-compensated crystal
with F (p) = 1. Using B L 4 AK/4 for the RMS loop oscillator and oscillator 1 is an atomic standard,

bandwidth, the power transfer function Pl(f) for a then the loop output oscillation has a considerably
first-order loop is better performance than either oscillator 1 or

(f/4BL )2 oscillator 2.

Pl(f) = (27)

1+ (f/4B L)2 C. Effect of Phase Noise on System Performance

which is plotted in Fig. 6(a). If the phase noise has The effect of phase noise on the performance of

a white frequency spectrum, i.e., S f = h/f
2  then ranging, Doppler and coherent communications as

1i well as various modulation and code generation
the observed T process has a PSD schemes has been considered by the authors in a

h previous paper [zj. Using the results in [21 as

S (f) 0 (28) illustrating examples, we attempt to merely present

16BZ[1+(f/4BL )
2  herein the novel features of our approach.

2 Consider the general situation depicted in Fig. 7.which has a finite variance c =
f h0 / 8BL. The PSD Thinusgalttesyemoitrsts

of S (f) is shown in Fig. 6(b)?. L The input signal to the system of interest is
corrupted by phase noise. The desired output from
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the system is represented as increments of the signal r(t) = /2 cos(Zrrf 0 t + ,(t) + 60 ) (35)
and phase noise, modified by the system. The sys-
tem effect is modeled by the linear filter G(p). Hence where
the noise variance on the desired output is t, =(t -- } ( d (36)

(M)(m) = 4 mo tsinZm IG(j?,Tf)-
x - k=l __ Let us assume further that (t) is Gaussian with a PSD

ST (f). If we make the usual assumption that e0 is

S (f) uniformly distributed over [0,2 , then rtt) is wide-
y df ( 34a) sense stationary, zero-mean with a correlation

(2 f12 function

if the signal is in the phase process, and R (r) = P cos 2,f 0 exp[-D())I/21 137)
r •

U (M rm  sn - 2m IG( 2Tf)I ydf Now the PSD of oscillation rntf is given byy )i m_ =4a0 g sin (-rk friGj2)~ Syfd

k=l (34b) Sr f) = P[S (f-f 0 ) + Sr0(f+f0 )( (381

0 0
if the signal is in the frequency process. Notice wherelthe symbol denotes convolution)
how in(34) and(34b), the ase1oise PSD is weighted
by the filter G(jZrrf) and "Trsin ( ) S.(f)s (f) exp(-,z. (if) + _ +

In almost all system applications, it is always Sr 0 f) exrZ 2 ! (Zf2 ?
possible to specify the performance measures in -39
terms of(34a) or (34b). As illustrating examples, and
the results derived in [21 are summarized, along and _ ,w - 2 -- d (40)
this guideline, in Table I. d jj

IV. SPECIFICATION AND MEASUREMENT OF 
0 (2Tf)

OSCILLATOR INSTABILITY is assumed to be bounded. Obviously, the delta
function in (39) corresponds to unmodulated carrier

A. PSD as the Key to Specify Oscillator Instability and the remaining terms are due to oscillator

In the previous section, we have demonstrated instability.

through a particular measurement set-up, how Frequency multiplication is actually a phase angle
oscillator instability is measured and how the meas- multiplication by a factor of, say, M. The PSD of the
urement system affects the observed phase noise. We resultant oscillation r(t) = 12P srM(2ft+6)
have also surveyed the effects of phase noise on the 0.
performance of tracking, Doppler, ranging and coher-
ent communication systems as well as various modula- Sr(f) " P[S. (f-Mf0)+Sr0(f+Mf0) (41)
tion and code generation schemes. It should now r 0

become clear that phase noise effects are not iSolat- where
able from, but must be sutdied within the scope of the
particular application in mind. In order to be useful, 2M 4 S.(f)
any specification of oscillator instability must be S. (f) = exp(-M + M (+ "-
sufficiently versatile and general enough to handle r0  (2Trf) 2  (2Trf)
various applications. A logical candidate is the f-
domain characterization S (f). The rationale behind + (42)this choice is clear: In alapplications so far ( 2f + " '
encountered, the desired signal is always corrupted (2irf)

by increments of the filtered phase noise. The If we take the first two terms in (42) for S 0(f) the
variance of this quantity is the structure function of r
the filtered phase noise process which can be

conveniently expressed as a weighted integral of the spectrum is

PSD Sy(f). Such an integral can be readily evaluated A = l(M 2 2l 2 2 (43)
either analytically or numerically, depending on the
complexity of the integrand. There are other reasons Where M is large, the first-order approximation is
for such a choice. In certain applications, the effects no longer accurate and spectrum spreading (which
of phase noise can only be studied in the f-domain, tends to a Gaussan for high gains) is always

In particular, we shall presently show how frequency
multiplication affects the RF power spectral band- present.

width in terms of the convolution products of S' (f)
[81 . Because of its nature, this effect cannotte B. Specification of Oscillator Stability in the r-

studied in the r -domain. Domain

Let us consider the oscillation model The less convenient '!-domain measures which
are useful in a particular application could be
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specifie 1 n terms of the two sets of stability4 func- Since we can always choose fR = k an integer, (46)
tions (D (T k),k=l, 2.... ) and (D(k)(k),k=l,2,.... simplifies to
of the fractional phase anx frequency

process. These r-domain measures of oscillator S (f) = urn (2 rf)' D( )CO- 2Tf~dT (47)

stability are uniquely related to the f-domain meas- Y k.40 0

ure Sy(f) by means of the Mellin transform 1]
Notice that they approximate structure functions of For computational purposes, (47) can be rewritten as

the "observed" noise when the effect of the "system"

filter is marginal. The widely accepted measures of 2 k-I 1/f (1)

oscillator stability in precise timekeeping application- S (f) =(ZTf) lim D (r + I)cos Trf.d- (48)

the rms fractional frequency deviation and the Allan y k-.. .1

variance are examples from these stability functions. Similar results can be established for D ()r) and SIf
C. -Domain to -Dormain and -Domain to f- Given any phase or frequency structure -unctionsol

. Domain trsomains aorder 5 or less, we can easily compute D( 1
)(,r) or

D(m)(a). Then S (f) can be evaluated from (48). As

Specification of oscillator stability in -domain aa example, we can compute the PSD S (f) of the

and r-domain are interrelated. Given the PSD S (f), hydrogen maser example using (13) anJ(48). An

X ro a(-) ythe table look-u meho escribed in
on can evaluate the structUre functions Dxk( an altromative by wudetosiaeSy~f directly

D (r
) via (9) and (12). On the other hand, given 5], alsuing a sh of up method ent P n

D () or D (m)(r), we can find Sy(f) via the Mellin a sum ofpower-lawcomponentPSD.

y x yRFRNE
transform or other techniques discussed in REFERENCES
Furthermore, the structure functions D(ml(r) for

y DIl W. C. Lindsey and C. M. Chie, "Theory of
wnSS have been shown to be interrelateD in a simple Oscillator Instability Based Upon Structure
way [11 . The same is true for D~in)(.r). In theFucin"PocIE Vl.6,plS-x Functions," Proc. IEEE Vol. 64, pp. 1652-

remainder of this paper, we shall demonstrate 1666, December, 1976.

these relationships by considering the problem of

translation between a rms fractional frequency devi- W. C. Lindsey and C. M. Chie, "Interpretation

ation f(,)/f vs plot and an Allan variance (y(/) of Frequency and Phase Instability Using

vs 'plot , an% obtaining S y (f) from A('r)/f 0. Structure Functions, " Proc. Precise Time

2 and Time Interval Applications and Planning
Under the regular assumptions that cy = SOSy (4df Meeting, November, 1976.

and ,x S (f)/(2rf) df are finite, it was shown in [31 J. A. Barnes et al., "Characterization of
Frequency Stability, " IEEE Trans. Instrum.

[11thaty (ir and are interrelated via Meas., vol. IM-20, pp. 105-120, May, 1971.

fT) .1() + L (Z kr) (44) [4] E. Hafner, "Outlook for Precision Frequency

f0 k=l Y Control in the 1980's, " Proc. Seventh Annual
Precise Time and Time Interval (PTTI)

and Applications and Planning Meeting, Dec. 2-4,

2 (f(0 1 2 
2 AT-rAf-l (45) 1975, Goddard Space Flight Center, Greenbelt,

y( ') = 1 - (45) Maryland, pp. 101-119.

directly in the r-domain. Let us consider the follow- £5] W. C. Lindsey and C. M. Chie, "Identification

ing typical hydrogen maser taken from £9, Fig. 9] of power-law Type Oscillator Phase Noise

with a a ( ) vs T plot as depicted in Fig. 8. For Spectra from Measurements, " submitted for

-a 105 sec, we have added the portion: 0,( ) = publication to IEEE Trans. Instrurn. Meas.

3xT
" . This additional portion of the curve

results from considering the limiting behavior of [6] D. W. Allan, The Measurement of Frequenc,

r (-) as r -4- £5]. The r-domain translation using Stability of Precision Oscillators NBS

( 4) is performed and the result is indicated in Technical Note 669, CODEN: NBTNAE, U.S.

Fig. 8. Conversely, if the curve for Af('r)/f 0 is Superintendent of Documents, Washington,

given, we can simply use (45) to obtain 
0
y( 0. D.C., 1975,

Finally, we shall derive a formula from which £7] Algie L. Lance, et al., "Automated phase Noise

one can compute S (f) from D!
I 

)(T). Using [1, eq. Measurements in the Frequency Domain,"

V-81 and integrating by parts,
Y 

we have in this Proceedings, 1977,

S (f) = lim ra 'fD (1) (.)sin (2rfR. 2R) RD ( 1 ) (81 W. C. Lindsey and C. M. Chie, "Frequency

y I x J0 xMultiplication Effects on Oscillator Instability,
R-0 submitted for publication to IEEE Trans. Instrum.

-cos 21rfr d ] (46) Meas.

4
Stability functions and structure functions are used

interchangeably.
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[91 V. Reinhardt, "Frequency Stability Require- F~.~~te t~.O.

ments for Two Way Range Tracking,"1 Proc. '

Seventh Anrnual Precise Time and Time
Interval (PTTI) Applications and Planning
Meeting Dec. 2-4, 1975, Goddard Space
Flight Center, Greenbelt, Maryland, pp. 265-
283. 2

-13

FIG. 1 A Plot of F (UY) for m -1,2,3,4 (Universal
______'__3___4 curves for identifying power-law type components).

I 70 30 tO 10 0 ' o

FIG. 2 An Oscillator with both random fluctuations of Extracted Phase Noise
Flicker Noise FM and a1 on-Random linear fractional proces for f-Dosoain or

frequency drift of 10 par day. , -Donnan Measureirient

y(t)
y~t 0(j20f [-- Seobserved Phase Noise 0

(a) Measoersset Se
t
-up.

FIG. 3 Model for Observing Phase Noise. 0~ eo-

f~ 
p

'351 F (b,) Linear Model. 2 - l

as(t G3jTO Observed Phase Noise
EEEICorrupted Signal

FIG. 4 Model for Assessing Effect of Phase Noise in FIG. 5 Two-Oscillator Test Set-up and Model.
System Performance. 306
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SYSTEM TYPE INCREMENT PHASE NOISE SOURCE SYSTEM FILTER

(n")

One-Way Doppler I Transmitter Oscillator I )s)*

iDoppler Rate) (2) Receiver VCO I -H(s)
Receiver Reference I

Two-Way Doppler I Transmitter Oscillator H (a) H (a)
(Doppler Rate) (2) Vehicle VCO H ~) tI-,s (S)1

Ground VCO -Hg(6 1
Ground Reference 1

FLL Tracking Transmitter Oscillator I-H(s)

(Slip Performance Local VCO 1-H(s)

Communication 1 Transmitter Oscillator I -H(s)
System Local VCO I-H(s)

(Bit Error Rate) I I

One-Way Ranging 0 Transmitter Oscillator I(s)i

(RAnge Rate) (I) Receiver VCO I-H(s)

Receiver Reference

Two-Way Ranging 0 Transmitter Oscillator i (8) 1I (a)

(Range Rate) (I) Vehicle VCO H-I10)11 -tiv sfl
Ground VCO
Ground Reference

#H(s) - Closed Loop Filter

TABLE I Phase Noise Degradation of System Performance.
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ESTIMATION OF THE TWO-SAMPLE VARIANCE

WITH A LIMITED NUMBER OF DATA

P. Lesage and C. Audoin
Laoratoire de l'Horloge Atomique

Equipe de Recherche du CNRS
Btiment 221 - Universit6 Paris-Sud

S1405 - Orsay - France

Summary

Tne uncertainty in the estimation of the two- The instantaneous fractional frequency deviation y(t)
s. mple variance which results from the finite number is then :
of available data is considered. It is shown that the o

finite number of measurements does not introduce bias y(tJ = X(t) (3)

in the time domain measure of frequency stabil.ty. The and the ean value of y(t) over the time interval
precision in the estimation of the two-sample variance (t ,tk  T) equals
is specified as a function of the number m of availa-
ole data. The result is valid for m ; 2. The effect rtk
of a dead time between successive measurements is Y t = tk y(t)dt .(t T) - X(t toT
pointed Out. K t= T k K to0K

Experimental results confirm that frequency fluc- (4)

tuations are normally cistributed for white frequency where T is the time interval between the beginnings of
and wrlite phase noises. Experimental results concerning two successive measurements. The quantity YK is direct-
tne dependence of the precision in the estimation of ly accessible to experiment by frequency counting or
the two-sample varianC2 on the number of obta agree period measurement 1,3 If Tk is the measured period
with theoretical conclisions, of the signal, we have :

Tk
Tntroduction - = 1 - - : t <T> (5)

YK T K
The definition of the time domain measure of fre- The averaged two-sample variance (A.T.S.V.) of the frac-

quancy stability 1 assumes an infinite number of mea- tional frequency fluctuations is then defined as 4

surements, which, obviously, is unrealistic. If it is 2 2
feasible to accumulate a large number m of samples for < 0 (2,TT) > - < - yK)2> (6)
small valuev of T, this is not yet true for T larger y 2 k+1-

than-say-I day. Consequently, only an estimate of the This definition assumes an infinite number of
average of the two sample variance c2(T) can be cal- measurements. In fact, only a finite number m of mea-

yculated in practice. The question then arises of the surements of y can be performed, and the estimated
comparison of the estimated average and of the average two sample variance (E.T.S.V.), which is a function of
value of the two sample variance o2 (T), especially for m, is calculated in practice as follows :
small values of m (m >, 2). YA2 M-1 2

This problem was considered in a previous work . a (2,TT,m) = k+1
It is partly completed here to take into account a pos- K

=
1

sible dead-time between successive measurements, and This formula shows that the E.T.S.V. is a random func-
theoretical predictions of the effect of this deadtnereicaxprieictiols ofece the c of thded tion of m. The question then arises of the comparison
time are experimrentally checked in the case of the

of the A.T.S.V. and the E.T.S.V. Equation (7) giveswhite phase noise. Experimental results concerning

white frequency noise -in the absence of a dead time- A2 2
are reported. Furthermore, om error which has been < AO(2,T,T,)> = < 0 (2,T.T) > (8)
pointed out to us by Dr. Barne, is removed in the pre- This shows y

Thssosthat the finite number of measurements doessent paper. not introduce any bias in the estimation of the two-

The estimated two-sample variance sample variance.

We consider the output voltage of a signal ge- Variance of the estimated two-sample variance
nerator. It may be written as The E.T.S.V. being a random function of m, we

V(t) - V0.sin [21Tv0t ( P(t)] (I) need to characterize the uncertainty in the estimation.
We thus introduce the variance of the E.T.S.V., accor-

where i (t) represents the instantaneous phase fluctu- dingly to the common understanding of a variance. We
ations of the output signal, V and V are its nominal set:
amplitude and frequency, respectively. We assume that 2
the amplitude fluctuations of the signal are negligible o2[ 2(2,Trm) < 22,TorJ)-< 2(2,T,T)>] >
and that its frequency fluctuations are small. We y y y

*et I :__ ( With the expression (7) of the E.T.S.V., we getx(t) -T--Z (2)
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2 M-1 m-I R ( C = < x(t) x(t-e) > (15)

o2
A?(2. T.1.,,)] 13 B___i'~ > (10)
y m l j 1 Relation (14) can then be written as

h2[ (2,T,-r,m)J

yi,0 2h<
with [ -1 -

m-m1) =I m= :
C' 2 C

2  
>____jCyi' 2 I y m-I) (11 1

2  
4Rx[(i-jT] - 2 R.[(i-J) T- T]

A2 We consider, at first, the 
general dependence of

2 (2,T,Tm) on the value of m. 5 - 2 Rx[[i- J ) T - t>- 2 Rx[ij - 1T]- 2Rx[1i-j.I)T)
The classical law of large numbers which states

that the true variance of a sum of (m-i) uncorrelated *Rx[(ij -)T-T]. Rx[i-i-I) T T]- R T(i-j.1)T - TJ
random variables decreases as 1/m-I), even for small 2
values of Cm-i), does not apply here. We are conside- + Rx[[(-J )T + T 116)
rint the quantities 6 which ar Zatd because
two adjacent differencies, y. - y and y - 1 , The autocorrelation function R (6) is connected to
are obviously not independen

i
+ the one-sided power spectral density of fractional

Equation (10) can also be written as Yfrequency fluctuations S (f by

,+ m-2 R- -L Syf) cos 2mfe Of 117)

a
2
[A
2
( ,T,m)] = -- [.-2. Tf-- r-i-K)r'k1  

12 4r
2 
Jo17

with K1 We consider the set of five independent noise
processes with the following power law spectral cer-

k a 
<

i~- 
>  

113) sities :
iI-k S' (f) = h L = 2.i.0,-1,-2 , f > 0 [18y c

r. Which does not depend on m. represents the auto- We take into account the finite bandwidth of the signal
correlation coefficient of 8, and B__. The sare dataoreinousen toefdicient ofplir te auThcelameatan source and of the circuits which are used to filter thebeing used in two adjacent p irs, t ekatocorrelation signal before its processing by the frequency flLCtue-
coefficient r' (and possibly others : see Appendix) sion meore ste wo different exresenc tedifr 1rmzr.Euton(2 hnsosta h tion rieasuring system. Two different expressions of tne
differssystem function (f) of this filter are generally
1/(m-i) dependence also occurs for the considered ran- se 1.2.n
dom variables, but asymptotically for large 

enough

values of M-1. We will derive the exact dependence Hl f) = J 0 <ff
in the following. 1 I (h) c

For furthercalculation, we need to assume that 
1

the quantities (y. - y ) are normally distribu- H,(f) 1i*_ 1 f
ted, It seems reasonable to assume that y(t) and the- - J -
refore y, are Gejssian processes because the frequency f C
fluctuations are the result of a large number of inde- The spectral density of the observec fractional frequEn-
pendent perturbations. Furthermore, we have experimen- cy fluctuations is then :
tally checked that y is a Gaussian process in the (f) = h fc JH(f)1

2  
(Z"1

cases of the white phase, white frequency and flicker y CL
frequency noises (see reference 2, and this work). Introducing (17) into (16) we obtain the following ex-
The Gaussiancharacter being retained in a linear trans- pression of the variance of the E.T.S.V.
formation, y - y.) is also normally distributed. 2 2[
We are then ahlowec ic transform the fourth-order mo- (r-I) a a (2.T.T,)]=
rentum involved in (10) into a sum of second-order y
momenta, and we obtain inm) S/f) sin T sir nfT

1 10Y (I fT) 2
loy2,TTm] x
y 2(r.-,) 2  

m-2
2 16 *'[ n'-k- II S s 

(f
) cos 2krfT sir rXr

M-1 r-1 -

S <(y - - 1T - I j'(14) In if I 
.

Relation between the variance of the estimated two The integrals irolved in (22) conver-ge or f = C
sanle variance and the spectral density of frequency and f - -, for the filtered spectral Oersities corsics-

fluctuations red here. he variance of the E.T.c.B. 's t-Prfore

We consider the autocorrelation function of xlt) defined without any epproximation.

defined by 1 : Relative uncertainty on the characterization of fre-

x The autocorrelation function R (e) is oefined for quency stabillt
white and flicker noises of phase. For white, flicker Relative uncertainty or estimatec two-saVrle variance
and rancor frequ-ency noises, the phase is not static- A2-I
nary 6. One should tner consloer the aetccorrelaticn We introduce t the deviation if AC (2.T.r) rela

in t o of t)7. tive to <0 [.7Y
function of y(t) T-is wil: not be mace here for sake t Oy(2.Tr)>
of criefness. Relation (22) is vali 3 for all the usual- A2 , ,T.,) _ <C(2.T.T)>
ly cnsiterec noise preoesses. a 2,T.) >

<a2(2,T.T) >

y
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The quantity L is a rancor function of m. Tne standarc Experirental resdlts

ceviation G(A) defines the relative uncertainty in the
2 Some experimental results have ceen pu _fsec

determination Frof02,TT)> due to the finite rurcer of previously 2. They are completed, using a cesiuj

measurements. From trelation [2:3) we obtain ba rqec tnaoadhdoe aes~ xebeam frequency standard and hyaroger m~asers tc ex 'E-

1 2 A2 
1

/Z roerce tne cases a and 2.

<Or2 (2.T2T)> y 1241 White frequency noise

y Appropriate signals are frequenci synt-esizec
The dependence of 0(A) on the available number of from the E MHz output of a cesium ceam frequerc ste--

measurements can then be derived from expressions (22) ord, and drive a triple neterooyne receiver wnicr is
and (24). It occurs that the final result is the same connected to the 1.42 GHz output oi a horcgen raser.
for the two considered system functions H (f) ano H2 (f A beat note at the frequency of 5.75 khz is cntairec.

in the case T = T, and for a = - 2 to 2. In the pre- It is filtered in a selective amplifier, with a can-
sence of a dead time, the same is true for white wioth of 40 Hz. The duration of 57 500 periods of the

noise of phase. Table I shows the expressions of beat note is meaure. Therefore T equals 10 s. The
GiA). as a function of m, for the considered noise dead time amounts to 0.17 ms and is absumec to ce

Processes. and for T = T. For a = 2.1.0.-2. the re- negligible.
sults are valid for m >, 2. In the case a 

= 
- 1, tne For T 10 s, the cesium beam frequency staro

expression given in table 1 is valid within a preci- shows a frequency stability o = 1.? x 1C
-1
1 anc

sion of I% for m > 5 ; for smaller values of m, the we are well within the range ofyalues of r -or whicr
exact results are specified in Table 2. 0 (j varies as T-

1
/
2
. The frequency generator is tne-

It occurs that the uncertainty in the estimation p~rturbeo dy white noise of freQuercy.
of the two sample vriance depends on the dead-time A total number of 7 500 measurements has been
T-T between successive measurements. Up to now. we performec. Counting results were recorded on a n-egne-
have only derived a result useful for the interpre- tic tape for the purpose of computer analysis. Figure
tation of an experiment reported below. More detailed 1 shows that counting times T are normally oistricu-
results will be published later. For white noise of ted. Therefore. and y(t) are also normally oistri-
phase, we have 

te.
V1m1(2) butea.

2(m-1) Afterwards, the measurements have been separatec

This result is valid for 2mf T >> I and 2mf (T-T)>> 1. into 7 500/m sets of m measurements with 2 m 800.
c c The E.T.S.V. has been computed f~r each set of given

Precision of the time domain measure of frequency sta- m, and the relative uncertainty = o[A) i.e. o(6) for

bility m large enough has been determined from he 7 500/m

In practice, the frequency stability of a fre- values of the E.T.S.V. The variation of 7 OW are

quency source is characterized by the square root of depicted on figure 2. The experimental rsult is

}he experimentally determined F.T.S.V., i.e., with -( 0.84 in
0 "4 9

1h2(2,Ttm]l/
2
. Therefore, we also introduce 6 given for a =0 and T = T t3C)

y This agrees satisfactorily well with the theoretical
by : A2, jm112_ < o2(2,T.T.) > 1/2 result.

y (26) White phase noise

<a2 (2,TT) >1/2 A beat note is obtained between two hydrogen ma-
Sscsers, at a frequency of 2 Hz. It is low-pass filtered.

o(6) specifies the precision of the time domain mea- with a bandwidth of 6 Hz. The duration of 10 periods
sure of frequency stability, as a function of the of the beat note is measured. We then have T = 5 S.
number of ajailable data. The dead-tie equals 0.5 s and the condition 21tf

We will now assume that the condition &<<I is (T-TI >> I is satisfied. In this experiment, H-masers
fulfilled i.e. that the number of measurements is large are perturbed by white noise of phase, and we have
enough to get a good confidence on the frequency eta- a 9 x 10-14 for t = 5 s.
bility measure. From equations (26) and (24), we then y A total number of 7 500 measurements has been
obtain the following expression : processed as above. Figure 3 shows that counting

c(6) = - 0(A) for S<<1 (27) results are normally distributed and that y(t) repre-
2 sents a Gaussian rocess. The experimentally determi-

From Table I and relation (27), we then obtain ned variation of - 0(A) (i.e. a(6) for m large enough)

the following result for T = T, valid within a preci- are shown on figue 4. The experimental result is

sion of 10 % for m > 5 -(d) -083 m
-
0.47-1/2 -(1 08 (311

wi6t = Ka m (28) for a - 2 and 21f T >> 1, 21tf (T-13>>I. in good
with K K 0.99 agreement with theory, in thecpresence of a dead-time.

K 0 = 0.87 Conclusion

Km 0.77 (29) We have shown that the finite number of data does
not introduce bias in the tim domain measure of fre-

20.75 quency stability. We have compared the variance of

the average value of the two sample variance with the
In the presence of a dead-time, such as 2Wf (T-T) classical result of the law of large numbers, and we

>> 1 and 27rf T 7> 1, we obtain 0([1 * 0.87 m1/2Cfor have show the reasons of the small discrepancy bet-

the white noise of phase case, which differs signifi- hee h ,r the results for small

cantly from the result a(6) - 0.99 m
- 11 2 

established wane 0- re
within the condition T - T.

The variation of the variance of the average
value of the two sample variance, and of its square
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root, as a function of the nuter of available data,
is given. The precision in the time domain measure
of frequency stability can then be stated, accordingly
to the number of data used in its estimation. The
effect of dead-tins between successive measurements is
pointed out.

Experinental results concerning white phase and N i
white frequency noises are reported. The frequency
fluctuations are normally distributed and theoretical
results are experimentally verified for the two afo-
rementioned Kinds of noise.

AppendixA

The calculation of r , for a normally distri-
buted noise process shows the results summarized
below, where the r which differs from zero are spe-
cified. KA

A=~~1 12 A
o 1  

I' '
a2 ro, r

I ro. rl ro -2 
4

4nt A

o 10)j- P,
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TABLE 2

Value of the relative uncertainty on the estimated two-sample variance

for flicker noise of frequency, for small values of m.

m 2 j 3 4 5

O(A] 1.41 1.02 0.85 0.74
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_ __ _

.9 _._00
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Fig. 1 t Distribution of counting timeus for white frequency noise ((z* 0, T *10 a) in
Galtonian coordinates. Circles represent the cumulative probability correspon-
ding to [IT -TI . with T T K > *Solid line corresponds to the normal distri-
bution of game width.



I

10 - A_ _

1 2 5 10 100 i

Fig. 2 Experimrental dependence of OW a() n number m of mesuremrents for white fre-
quency noise Cot = 0. T 10 2s). Circles are experimental results. Solid line
is adjusted by method of least squares.Its slope is - 0.49 and experimrental
value of K0 equals 0.84.
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Cumulative Probability
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Fig. 3 : Distribution of counting times for white phase noise (a = 2. T 5 8). Circles

represent the cumulative probability corresponding to IT~- TI. with T <T k >.

Solid line corresponds to the normal distribution of saem width.
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10 ______ __

1 2 5 10 100 I

Fig. 4 :Experimeantal dependence of - oCA) on numbter m of measurements for white phase
noise (Ug 2. T - 5 s). Cirgles are experimental results. Solid line is adjus-
ted by ethod of least squares. Its slops is - 0.47 and experimental value of
K 0equals 0.83.
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PREDICTION ERROR ANALYSIS OF ATOMIC FREQUENCY STANDARDS

D. B. Percival
U. S. Naval Observatory
Washington, D. C. 20390

Summary drifts of the magnitude apparent in commercial cesium
beam frequency standards, one can see from Figure 1Predictions of fractional frequency for lead times that long data samples are necessary in order to esti-

from 1 to 64 days are made for commercial cesium beam mate the drift term accurately.
frequency standards compared against A.l (USNO, MEAN).
Two different types of prediction algorithms are stud- Prediction Methods
ied empirically based upon ARIMA models and fixed mem-
ory polynomial filters. Analysis of prediction errors Background
shows that a useful measure of fractional frequency
instability for vari,)us sampling times may be based The prediction methods that were examined fall
upon the empirical cumulative distribution function of into two general classes: autoregressive integrated
prediction errors for variou3 lead times. In particu- moving average (ARIMA) methods and fixed filter meth-
lar, the 95% and 50% sample quantiles of prediction ods. Box and Jenkins have given a detailed exposition
errors have several desirable properties as instability on ARIMA models.4 Barnes has discussed briefly the
measures. FirsL, the problem of defining what is a application of ARIMA models to time and frequency da-
systematic component in fractional frequency deviates ta.2 Morrison has an extensive discussion on the fix-
is simplified: if there is no reasonable procedure for ed filter approach.5 A distinctive feature of both
dealing a priori with a suggested systematic compone nt classes of prediction methods is that the predictions
in a prediction algorithm, then that component will are based only upon analysis of empirical samples of
appear as part of the prediction errors. Second, the time series. In particular, no assumptions need be
sample quantiles of the prediction errors may be trans- made about the underlying form of the power spectrum
formed easily into probablistic time errors. Third, of the fractional frequency process.
although a prediction algorithm may be quite complex,
quantiles as a measure of fractional frequency insta- ARIMA Methods
bility are easy to communicate to those less familiar
with statistical analysis. Fourth, standard statisti- Following the analysis procedure described by
cal procedures exist for estimating confidence inter- Box and Jenkins, models of the form
vals for the resulting empirical cumulative distribu- q
tion function and sample quantiles. wt -i 4wlt_ti - + a. - IZ 0aii t-1m

Introduction
were fit to each of the ten series of one-day frac-

The problem of how best to predict future values tional frequency values, where wt is the d-th finite
of the time and frequency of an atomic clock has re- difference at day t of the one-day fractional fre-
ceived much attention in the past ten years. 1,2,3 quency values, yt; 4l, 42,''-, (p are p autoregressive
The prediction problem is one of practical importance parameters; %o is a parameter whith accounts for the
in such areas as utilization of pcrtable clock data, slow linear drift in frequency seen in some cesium
control of time and frequency at remote stations, and beam frequency standards; 61, 62, ... , 0q are q mov-
time scale formation. This report will first summa- ing average parameters; and at. at-, at-2, ... is a
rize the results of an empirical study of two classes sequence of uncorrelated random variables with zero
of prediction methods. An analysis of the resulting mean and constant variance, i.e., E(at) - 0, E(a a i
prediction errors (in cases where these errors are =0 for i 0 0, and E(a

2
) .2 odels of 

t e  aov e

close to white noise) will then show how prediction fotae ac I odel of the)abOve
form are called ARIMA models of order (p,d,q). Onceerrors may be used as a simple measure of frequency c p, d, and q have been specified, there are p+q+2

time instability in a frequency standard. In fact, parameters to be estimated.
the use of prediction errors to characterize frequency
instability has several important conceptual and ana- By examining the estimated autocorrelation func-
lytical advantages. tioT.s and the estimated partial autocorrelation func-

tions for [wtd formed by letting d - 0, 1, and 2, it
Description of Data was found for all ten clocks that these functions

damped out rapidly when d = 1 (i.e., the first finiteThe data utilized in this study consists of from difference of the fractional frequency values ap-
3 to 4.5 years of time comparisons of ten commercial peared to be stationary) and that a model of order
cesium beam frequency standards compared against the (0,1,1) might be appropriate. (This model is also
local, independent time scale generated at the Naval called an exponentially weighted moving average.)
Observatory, denoted as A.1 (USNO, MEAN). Table 1 Least squares estimates of the three parameters in
lists the name of each of the ten frequency standards, the (0,1,1) model (oy, e0 , el) were obtained. The
the contiguous amount u data available for each estimated models were used to predict sequentially
standard, and, where applicable, an estimate of a the observed series of fractional frequencies. The
linear frequency drift term made by a linear least sequences of one-day prediction errors were then
squares fit through the fractional frequency values, examined using two tests recommended by Box and
Figure I shows a plot of the relative one-day frac- Jenkins, a portmanteau test on the empirical auto-
tional frequency values for one of the 10 frequency correlation function of the prediction errors and a
Standards, Cs 571. The plot indicates a slow, but cumulative periodogram (white noise) test. For three
pronounced linear drift in frequency. Of the ten of the ten clocks, the (0,1,1) model was not rejected
clocks studied, five had a significant linear drift in as being inadequate at the .05 level of significance
frequency; two others had a drift of a higher order by either test. For the remaining seven clocks, the
than linear; and three had no significant drift. For next two possible higher order models were then fit,
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the (0,1,2) model and the (1,1,1) model. Of the seven need to have a large amount of data to accurately
remaining clocks, five were not found to be in- estimate the parameters in these more complex models.
adequately modeled by one of these two higher order For amounts of data less than one or two years, one
models using both tests at the .05 level of signif- would have to use the simpler (0,1,1) model.
icance. For the two clocks for which none of the
three ARIMA models considered was adequate, the (0,1, To gain insight into the effect of a limited
1) models were used for subsequent comparisons with amount of data on the determination of the parameters
other prediction methods. (For one clock, Cs 837, a in an ARIMA model, the fractional frequency data for
plot of the one-day prediction errors indicated that each clock were broken up into non-overlapping seg-
the lack of fit was due to a gradual increase in the ments of 64 days length each. For each segment of 64
variance of the prediction errors during the last 400 days, a simple (0,1,1) ARIMA model was fit. For the
days of data. The other inadequately modeled clock, case of Cs 571, there were 24 non-overlapping 64 day
Cs 591, had an unusual large number of isolated, large segments. The 8 parameter in the (0,1,1) model
prediction errors. It is interesting to note that the ranged from .35 io .95. The resulting rms prediction
two-day average fractional frequency values of Cs 591 errors for 1 and 32 day lead times based upon the en-
were adequately modeled by an ARIMA (0,1,1) model.) tire 1586 days worth of data are plotted in Figure 2
Table 2 lists the estimated parameters and the criti- as a function of 61. One can see that the rms pre-
cal values of the two tests for the models of interest diction error is fairly insensitive to variations in
for each clock. 61; uncertainty in the model parameter 01 after a

calibration period of 64 days translates at most into
For predictions made for k days in advance, where a 10% increase in rms prediction error for prediction

k > 1, two procedures were considered. First, the times of both 1 day and 32 days. Similar results were
sequence of k day average fractional frequency values obtained for the other 9 clocks.
was formed for each clock. An ARIMA model was built
for each sequence. With these k day models, pre- A study of Table 3 and Figure 2 indicates the
dictions for k days in advance were made by fore- effect of uncertainty on the rms prediction error of
casting one interval (k days) in advance. The second Cs 571. After a 64 day calibration period, one would
procedure simply consisted of using the one-day ARIMA expect to realize the rms prediction errors shown in
model to predict k intervals (k days) in advance. An Figure 2 by using the (0,1,1) model with e0 = 0.
empirical comparison indicated that, while there was After about a year one would have a fairly good esti-
usually little practical difference between these two mate of both e0 and e1. The replizable rms prediction
procedures, the second procedure was always as good as errors would be close to the errors listed in Table 3
or slightly better than the first. The one-day ARIMA for the (0,1,1) model with 0 = .003. Finally, after
models were thus used for all predictions. The pre- two or three years, the realizable prediction errors
diction equations for the (0,1,1), (0,1,2) and (1,1,1) should be close to those for the (1,1,1) model with
models are given in appendix 1. e0  .003.

The fractional frequency prediction error made at Fixed Filter Methods
day t for a lead time of k days is defined here as

k With the fixed filter approach one fits a poly-
ef(k,t) E i(Yt+i - Y(i))/k, nomial through the r most recent data points and uses

i=1 the resulting regression equation to forecast future

where yt is the observed fractional frequency velue at values. Only the r most recent data points are in-

day t; yt(i) is the predicted fractional frequency volved in the prediction process. A fixed filter
value for day t+i made at day t; t = 0, k, 2k, ... , should be well suited to predict a process in which
(n-l)k to eliminate correlations in the prediction sudden changes occur from time to time. It can be
errors due to overlapping prediction intervals; and n shown that the characteristic square root of Allan
is an integer which satisfies the inequality variance versus sampling time curve for commercial

cesium beam clocks can be simulated well by a suitable
(N/k) - . < n 1 N/k, combination of white frequency noise plus randomly

distributed steps in frequency.
2 ,6 ,7 

If this proposed
where N is tic total number of observed fr lic -l model were true, then a fixed filter predictor should
frequency val- T.his definition of fractional fre- be close to ideal.
quency predic . e:ror allows one to translate easily
to a phase or time prediction error, e (k,t), by Two forms of the fixed filter method were

exv-ined. In the order 1 model of length r, the r
er (k,t) ivY'e ',t). most recent one-day fractional frequency values are

suii~y averaged to form the prediction for a lead
The rms fractional [requency error, ef(k), for a lead time k. A special case of this method occurs when
time of k days is defined here as r = k. Then the k-diy in advance prediction is simply

I tie most recent k-day fractional frequency value.
e =f(k) f ef(k,jk)/n. This procedure has been called the end point pre-

liction method.
Table 3 lists the rms fractional frequency pre-

diction errors for ill ARIMA models of interest for For the order 2 model of length r, a linear least
lead times up to 6. days. In order to show the effect squares fit is made through the r most recent one-day
of uncertainty in the determination of , the linear fractional frequency values. The resulting regression
frequency dritt compensation parameter, clocks with a equation is then used to forecast future values.
significant trc ,.ency drift have been modeled both
with a -?0 term estimated by least squares and with e0 For both the order 1 and order 2 models, the
set to 0. Generilly, e0 becomes important for pre- filter length r was determined by examining the rms
dictions with lead times of 32 days or more. Note prediction error as r was varied up to a maximum of
also that use of the (0,1,1) model in cases where 256 days. The est r for each lead time k was de-

there is a better fitting (1,1,1) or (0,1,2) model In- fined as that r which minimized the k-day rms pre-
creases the rms error usually by less than I x 10

-
14. diction error. The rms prediction errors and the best

To realize this small decrease in rms prediction error r for all ten clocks are listed in Table 4 for the
with either the (1,1,1) or (0,1,2) model, one would
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order I model and in Table 5 for the order 2 model, time error, that 95% of the absolute 32 day time pre-
diction errors will be less than 220 nanoseconds.

Comparison of Prediction Methods
The difference between instability measures based

A comparison of Tables 3, 4, and 5 indicates that upon prediction errors and the most commonly used tine
the rms prediction errors for the fixed filter methods domain instability measure, the Alla- variance. ' (),
were generally somewhat larger than for the ARIMA is not trivial. Table 6 shows a () and the ratix of
models. The most notable exceptions were Cs 549 and v( to the rs fractional fr quency prediction
Cs 660. For longer sampling times, the order 1 fixed errbr of the most sophisticated ARIMA model for each
filters were better for these two clocks. The order 1 of the ten clocks as a function of lead or sampling

fixed filter was generally superior to the order 2 time. (For those clocks with a significant linear fre-
fixed filter except in the case of Cs 591 and in cases quency drift, 7v(-r) was computed after removal of the
where frequency drift was important. The rms pre- frequency drift'by linear least squares solution to the

diction errors for the order 1 fixed filter method fractional frequency values.) Note that this ratio is
were generally quite close to the ARIMA model pre- generally not constant as a function of lead Lr sam-
diction errors. The fixed filter methods, however, pling time. Care must be taken in using r(7) as a
have an advantage over ARIMA methods in the simplicity measure of predictability of fractional frequency or
of their implementation. time.

Prediction Errors as Instability Measures The chief disadvantage of instability measures

based upon prediction errors is their computational

The characterization of long term instability of complexity compared to, for example, the Allan variance.
frequency standards has been accomplished in practice There are, however, a number of advantages in con-
in several steps. One obtains a sequence (x(t), t = 0 sidering prediction errors as instability measures.
T, 2r, ..., NT) of N+l phase measurements between two First, unlike other measures of frequency instability,
frequency standards (or a frequency standard and a time empirical quantiles of the absolute prediction errors
scale), where T is the time between successive measure- are direct probabilistic measures of both time and
ments. One forms the sequence (y(t) = (x(t)-x(t-T))/T, fractional frequency errors. For system requirements

t - r, 2-r, . . , NT) of N average fractional fre- stated in terms of tolerable time or phase error over
quency deviations. A model of the form y(t) = c(t) + a certain period of time, a study of empirical distri-
n(t) is assumed, where c(t) is some deterministic bution errors would indica,e how often one would expect
function of time known as the systematics and n(t) is a frequency standard to be within tolerance. Second,
the noise.

8  
In order to characterize n(t) statis- the quantiles of prediction errors as measures of fre-

tically, c(t) must be removed, and n(t) must be fil- quency instability are easy to communicate to those

tered in some fashion to produce an instability less familiar with statistical analysis. The quan-

measure that converges asymptotically to some value. tities to which other instability measures converge ar,
The variance of the residual sequence is then used for often difficult to explain in an intuitive way. Third,
comparison of frequency standards or for further the effects of a limited amount of data on the esti-
analysis; e.g., a spectral density function is nation of model parameters and on the elimination of
estimated, systematic components such as linear frequency drift

may be easily q.antified. Fourth, standard statistical

This approach to instability characterization has procedures exist for estimating confidence intervals

proven quite fruitful. There are two criticisms of for the resulting empirical cumulative distribution
this procedure. First, the removal of c(t) is some- function and sample quantiles.

what subjective, and the effect of uncertainty in its
removal is not quantified. Second, the quantity to Barnes has pointed out that ARL'A models in par-
which an instability measure converges may not be ticular have a number of additional benefits.

2 
After

immediately useful to all system designers. In par- an AP-'A model has been built for a frequency stan-

ticular, some system requirements are stated in terms dard, ore can easily produce an estimate of the power

of tolerable time or phase error. In cases where spectrum of the fra rional frequency process, and one

these criticisms are valid, one can adopt a different knows in-iediately how to simulate sequences of frac-
approach by equating instability in a frequency stan- tional frequency values with statistical content simi-

dard with a measure of the unpredictability of its lar to the original clock data. One can also produce
fractional frequency. One could, for example, quote a theoretical Allan variance versus sampling time curve

rms fractional frequency prediction errors, as done in from the parameters in an ARIMA model. In particular,
Table 3. An alternative procedure is to study the em- for the (0,1,2) model (of which the (0,1,1) model is a
pirical cumulative distribution function of the abso- special iase), there exists the exact relationship

lute value of the prediction errors for different lead 2 q 2 6 +
1
0

2
+ 

2  
1

times of interest. This function is shown in Figures ( 2) ((l+i+-2 +2ei 2 -20 13
3 and 4 for Cs 571 for 1 day and 32 day prediction
times, respectively. The prediction errors referred +401+220 2 )-T-

2
18e2 )/6,

to in these figures are the errors from the (1,1,1) for T > 1 day. (In fact, for any model of the form
ARIMA model with a term accounting for linear fre-
quency drift. Since the prediction errors are white (O,l,q), there exists a closed form theoretical Allan

and normally distributed approximately, one may assume variance, although fur large q it would be very tedious

that they are approximately independent. With this to derive.) For the (1,1,I) model, an approximate

assumption, one can produce confidence intervals for theoretical Allan variance curve can be derived by con-

various sample quantiles of interest from the empirical verting the (1,1,1) model into an approximate (O,l,q)

cumulative distribution function using the binomial model using the techniques described by Box and

distribution.
9 

In Figures 3 and 4, separate 95% con- Jenkins. Figure 5 shows the theoretical Allan variance

fidence intervals are shown for the 50% and 95% quan- curve for Cs 571 formed by converting the appropriate

tiles. The sample quantiles allow one to make valid (1,1,3) model into an approximate (0,1,2) model. The

probabilistic statements; for example, based upon the actual values for the square root of the Allan variance

past history of Cs 571, one can expect that 95% of the for C: 571 are also plotted. (The confidence limits

absolute 32 day fractional frequency prediction error are based upon the work of Audoin and Lesage.
10
) For

will be less than a x 10
- 1

4, or, in terms of phase or longer sampling times the theoretical Allan variance
overestimates the estimated Allan variance by a con-
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siderable margin. This was true for most of the
clocks in the study. The ability of simple ARIA
models to reproduce the observed Allan variance is
thus limited.

Appendix 1

Let y(t) represent the one-day average fractional ~ ~~
frequency value at day t;* y (i) be the forecast of
y(t+i) made at day t; and att) - y(t) - it-1(l) be the
one-day forecast error at day t; then, given frac-
tional frequency values up to day t, the prediction
equations for the (0,1,2) ARIMA model are:

tl)- y(t) + 6- e a(t) -
6
2 a(t-1)

it() y (1)+e0 82at

it(i) - it(J-l) + 80, j - 3, 4, 5,a

If 02 - 0 in the above equations, then the above
equations become the prediction equations for the ., l' U 93 7 12 e9 29 Z

(0,1,1) ARIMA model. Likewise, the prediction
equations for the (1,1,1) ARIMA model are:

it'm - (1 + 01)y(t) - Qy(t-l) + 60 - e Ia(t)

it()- (I + 0 1)Y~(l) - 0y(t) + 80 Figure Is One Day Average Fractional Frequency Values For

;j -(1 + 0 )it(J-l) - o1yt(i-
2 ) + e0. j = 3, 4, 5, .. Ca 571 vs. A.1(USNO,NEAN)
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TABLE 1

OSCILLATOR DAYS OF DATA LINEAR FREQUENCY DRIFT COMMENTS

Cs 346 1600 3.2 x 10-13/year

Ce 532 1600 not significant

Cs 549 1600 not significant

Cs 571 1587 1.6 x 1O-13/year High performance beam tube

Cs 591 1338 3.9 x lO /year

Cs 654 1330 -5.1 x 0-130/year High performance beam tube

Cs 660 1352 not significant High performance beam tube

Cs 783 1245 non-linear High performance beam tube

Cs 834 1127 1.8 x 10-13/year High performance beam tube

Cs 837 1016 non-linear High performance beam tube

TABLE 2

OSCILLATOR MODEL e0 (xi0
1 3

) MODEL PARAMETERS Vo& (xlO
1 3

) p
a p w

Cs 346 (0,1,1) +.011 i1=.86 1.44 .13 .19

Cs 532 (0,1,1) 0 61-.84 1.20 .60 .10

(0,1,2) 0 61-.75 1.24 .09 >.25
Cs 549 62=.05

(0,1,1) 0 e-=.80 1.24 .02 .10

(Cs111) +.003 0=.30 0.49 .80 >.25
Cs 571 .3

(0,1,1) +.003 e1.72 0.50 K.01 <.001
Cs 591 (0,1,1) +.013 I -.92 1.61 .004 <.01

(0,1,2) -.012 2-=.60 0.69 .15 >.25

Cs 654 2
=
.
15

(0,1,1) -.012 81-.72 0.70 <.01 <.001

(1,1,1) 0 1.80 0.81 .25 >.25
Cs 660 01=.45

(0,1,1) 0 61=.41 0.83 <.O1 <.001

Cs 783 (0,1,1) -.010 8.=.73 0.56 .30 >.25

(1,1,1) +.007 9.=.90 0.54 >.995 >.25
Cs 834 0 i.45

(0,1,1) +.007 81=.54 0.57 <.01 <.001

Cs 837 (0,1,1) -.023 81=.78 0.93 <.01 <.001

p is the critical level of the portmanteau lack of fit test; &w is the

critical level of the cumulative periodogram test.
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TABLE 3
RMS PREDICTION ERRORS FOR ARIMA MODELS (x10 1 3)

LEAD TIMES (DAYS)
OSCILLATOR ARIMA MODEL e 1 2 4 8 16 32 64

Cs 346 (0,1,1) .091 1.44 1.11 0.92 0.75 0.71 0.73 0.90
(0,1,1) 0 1.44 1.12 0.92 0.76 0.73 0.75 1.04

Cs 532 (0,1,1) 0 1.20 0.94 0.75 0.64 0.63 0.66 0.88
Cs 549 (0,1,2) 0 1.24 1.01 0.85 0.84 0.83 0.98 0.99

(0,1,1) 0 1.24 1.01 0.85 0.84 0.83 0.99 0.99
Cs 571 (1,1,1) .003 0.49 0.42 0.38 0.34 0.34 0.39 0.43

(1,1,1) 0 0.50 0.42 0.38 0.34 0.34 0.40 0.47
(0,1,1) .003 0.50 0.43 0.39 0.35 0.37 0.42 0.50
(0,1,1) 0 0.50 0.43 0.39 0.35 0.37 0.43 0.53

Cs 591 (0,1,1) .013 1.61 1.23 0.95 0.78 0.72 0.60 0.45
(0,1,1) 0 1.61 1.24 0.96 0.81 0.75 0.64 0.57

Cs 654 (0,1,2) -.012 0.69 0.59 0.50 0.54 0.49 0.63 0.77
(0,1,2) 0 0.69 0.60 0.50 0.55 0.53 0.67 0.89
(0,1,1) -.012 0.70 0.60 0.50 0.55 0.50 0.64 0.76
(0,1,1) 0 0.70 0.60 0.51 0.56 0.53 0.68 0.87

Cs 660 (11,1) 0 0.81 0.78 0.75 0.74 0.83 1.02 1.41
(0,1,1) 0 0.83 0.82 0.81 0.80 0.91 1.04 1.44

Cs 783 (0,1,1) -.010 0.56 0.45 0.42 0.41 0.46 0.58 0.95
(0,1,1) 0 0.56 0.46 0.42 0.41 0.47 0.63 1.05

Cs 834 (1,1,1) .007 0.54 0.51 0.44 0.44 0.44 0.51 0.56
(1,1,1) 0 0.54 0.51 0.45 0.44 0.46 0.54 0.58
(0,1,1) .007 0.57 0.54 0.49 0.53 0.52 0.56 0.65
(0,1,1) 0 0.57 0.54 0.49 0.53 0.54 0.57 0.64

Cs 837 (0,1,1) -.023 0.93 0.75 0.61 0.61 0.59 0.65 0.81
(0,1,1) 0 0.93 0.75 0.62 0.63 0.62 0.79 0.98

TABLE 4
RMS PREDICTION ERRORS (x10

13
) AND FILTER LENGTH (DAYS) FOR ORDER 1 FIXED FILTER

LEAD TIME (DAYS)
OSCILLATOR 1 2 4 8 16 32 64

Cs 346 1.46 1.14 0.94 0.77 0.77 0.92 0.96
r=8 r=8 r=8 r=8 r=16 r=32 r=32

Cs 532 1.20 0.94 0.75 0.68 0.67 0.77 0.83
r=8 r=8 r=8 r=16 r=16 r=32 r=32

Cs 549 1.26 1.04 0.88 0.84 0.79 0.67 0.60
r=8 r=8 r=8 r=4 r=64 r=16 rs16

Cs 571 0.53 0.45 0.40 0.37 0.36 0.38 0.49
r=4 r=8 r=8 r=8 r=8 r=8 r=64

Cs 591 1.62 1.25 0.98 0.81 0.76 0.77 1.02
r=16 r=16 r=16 r=16 r-16 r=32 r=64

Cs 654 0.72 0.61 0.54 0.45 0.60 0.61 0.78
r=8 r=8 r=4 r=4 r=16 r=16 r=16

Cs 660 0.88 0.86 0.83 0.85 0.83 0.81 0.94
r=2 r=4 r=2 r=8 r=4 r=8 r=8

'Y 783 0.58 0.47 0.43 0.43 0.54 0.63 1.10
r=4 r=4 r=8 r=8 r=2 r=2 r-2

Cs 834 0.61 0.57 0.50 0.46 0.42 0.46 0.55
r=2 r-4 r=4 r=4 r=4 r=4 r=4

Cs 837 0.96 0.78 0.65 0.60 0.69 0.74 1.13
r=4 r=8 r=8 r-4 r-4 r=16 r-16

TABLE 5
RMS PREDICTION ERRORS (x,0

13
) AND FILTER LENGTH (DAYS) FOR ORDER 2 FIXED FILTER

LEAD TIME (DAYS)
OSCILLATOR 1 2 4 8 16 32 64

Cs 346 1.49 1.19 1.02 0.90 0.91 1.04 1.43
r-32 r=32 r=64 r-64 r-64 r-64 r-128

Cs 532 1.23 0.98 0.81 0.78 0.84 0.92 1.27
r-32 r-32 r-32 r-32 r-128 r-128 r-256

Cs 549 1.30 1.07 0.92 0.84 0.77 0.74 0.83
r=32 r-256 r-256 r-256 r-256 r-256 r-256

Cs 571 0.54 0.47 0.43 0.42 0.45 0.48 0.48
r=32 r=32 r-32 r-32 r-32 r-256 r-256

Co 591 1.61 1.22 0.94 0.76 0.71 0.68 0.67
r-128 r-128 r-128 r-128 r-128 r-128 r-128

Cs 654 0.75 0.66 0.61 0.67 0.68 0.86 0.82
r-16 r-16 r=16 r-64 r-64 r-64 r-256

Cs 660 n.99 0.94 0.91 0.95 1.11 1.33 1.82
r-16 r-32 r-32 r-32 r-64 r-64 r=128

cs 783 0.59 0.49 0.44 0.44 0.46 0.51 0.82
r-16 r-32 r-32 r-64 r-64 r-64 r-128

Cs 834 0.64 0.59 0.54 0.51 0.54 0.65 0.83
r-32 r-32 r-32 r-64 r-64 r-64 r=128

cs 837 0.99 0.81 0.68 0.64 0.58 0.61 0.65
r-64 r-64 r-64 r-128 r-128 r-128 r-128
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TABLE 6

0 (A) (xN01 3 ) MND RATIO OF BEST ARIMA MODEL TO V/2y(T)
T (DAYS)

OSCILLATOR 1 2 4 8 16 32 64

Cs 346 1.32 0.98 0.77 0.54 0.53 0.61 0.83
1.30 1.25 1.18 1.02 1.06 1.18 1.30

Cs 532 1.09 0.83 0.59 0.49 0.48 0.54 0.73
1.28 1.25 1.11 1.08 1.08 1.16 1.17

Cs 549 1.09 0.85 0.66 0.61 0.57 0.59 0.61
1.24 1.19 1.10 1.03 0.97 0.85 0.87

Cs 571 0.41 0.35 0.30 0.26 0.25 0.30 0.28
1.18 1.17 1.12 1.08 1.04 1.09 0.92

Cs 591 1.49 1.11 0.79 0.59 0.52 0.47 0.48

1.24 1.28 1.18 1.07 1.02 1.11 1.51

Cs 654 0.58 0.49 0.38 0.39 0.39 0.45 0.56
1.19 1.17 1.08 1.02 1.12 1.02 1.03

Cs 660 0.61 0.62 0.60 0.61 0.67 0.81 1.10

1.07 1.12 1.13 1.17 1.14 1.12 1.10

Cs 783 0.49 0.36 0.31 0.30 0.40 0.63 1.10
1.24 1.13 1.04 1.03 1.23 1.54 1.64

Cs 834 0.43 0.41 0.36 0.34 0.33 0.39 0.44

1.13 1.14 1.16 1.09 1.06 1.08 1.11

Cs 837 0.79 0.62 0.47 0.44 0.42 0.51 0.82
1.20 1.17 1.09 1.02 1.01 1.11 1.43

For each clock, the first row is a y(T), and the second row is the

ratio of the best ARIMA model to iio.(T).
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MODELS AND PREDICTIONS FOR THE REALIZATION OF TIME SCALES

U. Hubner
Physikalisch-Technische Bundesanstalt Braunschweig

Federal Republic of Germany

Summary

As UTC(PTB) is a realization of the Co- It seems little expedient to apply the
ordinated Universal Time UTC, prediction physical models which are successful in the
of the time differences of these two scales characterization of atomic clocks, such as
is necessary. This has been discussed for the white noise, the flicker noise, etc.,
lead times of 30 to 70 days. Up to now, no to the time differences of time scales as
physical models of sufficient accuracy these types of noise represent in each case
are available for the variations in the only individual terms out of the serial
time differences of atomic clocks. Henc- , development of the spectral density of
stochastic models of the data are referred the stochastic process. Instead, non-
to for extrapolation. With regard to poly- stationary models from the general class
nomials and specific clock models (auto- of the "autoregressive integrated moving
regressive processes and ARIMA processes), average" ARIMA processes are treated in-
the discussion shows that fitting a straight cluding a short discussion of the special
line is often preferred, rather than the case of the stationary autoregressive
more sophisticated models, particularly processes as a model.
for the case when there are few data. One
needs only 6 to B data of a time scale to 2. ARIMA models
extrapolate optimally with a fitted
straight line. ARIMA processes zt are generated by

filtering a white noise process at . The
Most time scales may be modelled very filtering is defined by

well (except one of the seven well known dzq
time scales discussed) by similar ARIMA
(0,2,2)-processes which are nonstationary t is a discrete variable, as e.g. the time,
in second degree (d = 2). With the aid of and B is the backward shift operator with
these models, extrapolation takes place B.z, = ze. 4 or B.at = a,.; p or q are the
by a straight line adapting itself con- orders of the autoregressive or moving aver-
tinuously to the given data. Thus, the age operators. The parameters 4i4 (i = 1,2,
excellent extrapolation by fitting a ...,p) and e, (k = 1,2,...,q) as well as
straight line is obvious and not trivial. the variance~of the white noise at
The analysis4 of the control mechanism represent degrees of freedom for the

for the realization of time scales shows modelling of a specified stochastic
that a further point of view should be process. On the other hand, the case

considered: namely, the deviations of the 00 *0 in connection with the choice
extrapolated values from the real values of a value for d produces a certain

ought to be less correlated and should "deterministic" trend in the form of
have a symmetrical probability density a polynomial of degree d. For many
around zero. If this is not the case, applications, the assumption of a
the realization will deviate on an average "stochastic trend" is more realistic

from the time scale to be realized. than the assumption of a deterministic
trend, since the stochastic trend

1. Introduction follows a changing of the general trend
of the given data. Stochastic trends

The ?hysikalisch-Technische Bundesanstalt are defined by the factor Cl-B)d which
(PTB) generates its time scale UTC(PTB) means a polynomial of degree d-l ad-
from its atomic time scale TA(PTB) by add- justing continuously to the given data.
ing suitable corrections. These correc-
tions are chosen such that UTC(PTB) dif- The pattern of the time differences
fers as little as possible from UTC with- TAI-TA(PTB) which are to be modelled is
out following the short-lasting frequency shown in Figure I for the period of the
fluctuations of UTC. In order to calculate past 8 years. The time differences are
the corrections, one needs the time dif- given discretely for periods of 10 days

* ferences TA(PTB)-TAI of the respective so that 292 data are available. Now one
present time. PTB receives these data from has to establish one or more ARIMA(p,d,q)-
the "Bureau International de l'Heure" (BIH) models for this stochastic process by
with a delay of 30 to 70 days. Consequent- suitably choosing the parameters p,d and
ly, extrapolations with these lead times q and by adjusting the parameters *I,'-',
are necessary. Up to now these extrapola- Op, ,' e,, ?0 and 6ffI
tions were carried out by fitting a
straight line to the last n % 5 time dif-
ferences known4 . This paper tries to A rough reduction of multiplicity of
establish particularly suited data models the possible models is provided by the
for the time differences, and to calculate following consideration: An unambiguous
optimum predicted values from the models, deterministic trend is not recognizable.
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available at the PTh at that time. Parts
!I and ITT differ distinctly from I. The
data of cart III are much more correlated

30 '.,than those of IT. The mean of the 1st
differences is smaller by nearly 0.1 ps.

370 This corresponds to a fractional frequency
change of TA(PTB) against TAT by about
I . i0 -13. The difference is substantial

_W as is shown by the precise model adjust-
ment described below.

No explanation could he found for this
abrupt change of the stochastic qualities.

199 1970 r1971 19 i 97' [ 7 g 1 9759 At the time of this change neither modi-

t -fications in generating TA(PTB) were made
in the PTB nor were changes observed in
the behaviour of the clocks. The reason

Fig.1 TAI-TA(PTB) for the period from can neither be found in changes of the
1969 inti, 1976. The time differ- calculation method of TAT (e.g. intro-
,-!nces are discretely submitted duction of the ALGOS method) because the
10 daVs spaced, time differences between other important

time scales and TAT do not show such a
behaviour.

Hence, such models will be particularly
suited where 00 is dispensed with, that An important part in the reduction of the
is to say, the models should be non- number of the possible models is played by
stationary (d > o). The absence of a the auto__correlation function (acf) and
clear deterministic trend is valid not the partial autocorrelation function (pacf)
only for the mean value but for the of the given stochastic process. The pacf is
slope, too. To reproduce stochastic established by fitting autoregressive pro-
changes of the slope, d 2 has to be cesses with increasing order k to the given
chosen. Then the 2nd or higher differ- process. In each case, the last coefficient
ences of succeeding data form a stationary of the fitted autoregressive process equals
process. the k-th value of the pacf. If the process

is autoregressive of the order p, then the
Figure 2 includes the 1st and the 2nd pacf equals zero for k > p. Thus the pacf

differences of the given time differences, serves to estimate the autoregressive
The mean of small data parts of the Ist character of the process. On the other
differences is still subject to random hand, information can be obtained from
changes whereas the 2nd differences seem the acf concerning the moving average
to form a stationary process. Therefore character as well as a possible nonsta-
d = 2 will be sufficient. tionarity of the process.

Fig. 3 shows acf and pacf for the given
data of part 1II as well as for their
Ist and 2nd differences. The plotted li-
mits L mean standard deviations of the
acf and pacf. For the acf, the limits
were calculated according to Bartlett's

C= formula

[I + r2+r2
s(rt) being the standard deviation of
rk's of the acf for lags k > q; N being
the number of the data from which rk was

ocalculated; q was set to 2 as the first
- 199 19 1 971 1 1972 1 973 1 197 1 1975 1 1976 two values of the acf show an irregular

behaviour. The standard deviation of the
pacf was estimated according to Que-

Fig. 2 1st and 2nd differences of the nouille's approximation s($kk) = /N'
time differences plotted in Fig.l. where 4&k is the k-th value of the pacf.
Differences are taken from suc- This approximation is valid for k > p.
ceeding data. The data parts I,
II, III are to be represented by The course of acf and pacf of the 1st
different stochastic models, differences indicates ARIMA(1,1,2)- or

Moreover one recognizes from the lst and ARIMA(2,l,2)-models. However, a further
2nd differences that the time differences forming of differences would be better
obviously belong to three different sto- because the acf descends slowly. The acf

chastic processes (parts I, II, III). The and the pacf of the 2nd differences then

data of the years 1969 and 1970 show - show the typical behaviour of stationary

very high fluctuations which can be ex- processes. According to this, the models

plained by the small number of clocks (0,2,2), (0,2,0) and (1,2,t) seem to be
suitable.
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JI~I [Z],~ [Zi The ARIVA (p,d,q)-models which are
! liiiiiiipossible atcording to the preliminary

0 discussion were fitted by the least
squares method. The results have been

k' summarized in table 1 inclusive of the
quantities 0 , G0 , P(X,v), and the

[Az] [Az] uncertainties of the parameters im-
A ,portant for a critical investigation.

... . -! . X2 and v belong to the well known X'-

k L Okk distribution, v being the number for
_ . the degrees of freedom of the model

adjustment. %2 is obtained from the auto-
-[EAZ 7 [A 2

Z] correlations ra of the residuals at
[0 . according to

k 0 =015 (k N _ j(k
51 _ 1 5 10 15 k=1

k k -- where K is a maximum lag suitably chosen.
Fig. 3 Autocorrelation (rk) and partial v then follows from Y = K - p - q - m.

autocorrelation (Ikk) functions M equals I or 0, depending on whether
of the time differences TAI-TA or not 0 was taken into account as a
(PTB) of data part III, and parameter during the minimization of S.
their Ist and 2nd differences On the assumption that the X2 -distri-
for lags up to k = 15. bution is valid, the quantity P(X2 ,V)

The corresponding Figure of the data indicates the probability (in percent
p The ordiffers from those of part ITT of the hypothesis that the value of X

part II dcould have turned out larger than the
particularly in the 1st differences. The calculated one. Thus the quantity P
acf as well as the pacf are distinctly may be interpreted as a measure of the
smaller than the limits L, so that the probability with which the just chosen
simple model (0,1,0) should be very model is in the vicinity of the ideally
suitable.moeisn suitable model. The uncertainties of the

The final adjustment of the parameters parameters resulted from the roots of
is on princiole done by maximization of the diagonal elements of the parameter
the log likelihood function. covariance matrix which is customary if

-f one employs the least squares method. They
G((,Q,6,)f= ( 9,-) - N'4i - jS(O,G) must he considered as standard errors.

I(i, Q ,6a) may te interpreted as a measure Table I shows that the parts II and III
of-the probability with which a set of are stochastically different. While part
f and a matches the set z of the given II can be described with high probability
data. The shortened form-I comprises all (P) by a nonstationary model of Ist order,
0(1i I ..... ,p), and 9 comprises all it proves for part III that d = I will b,
0,(k = 1,...,q). S(i,Q) is the sum completely unsuitable. Obviously part Ii

N can be described very well by models of

(,)= L Lotl,,z] 2  ist and 2nd order, whereas models of 2nd
- -- -or 3rd order are suitable for part III.

where [atJPQ,zJ denotes the expectation Consequently the complete data set IT +
of at conditional on i,q and z. The func- III cannot be represented by one very
tion f(,g) influences 1 only-in the case well fitting model. The differences be-
of small N. For moderate and large values -omo also evident in the ,ariances 6-,
of N, , is dominated by the sum S. whose values for parts II and III have
Therefore minimization of S usually pro- nearly the ratio 2:1.
vides a very good maximization of the
likelihood function. This is called the The different models of table i are
least squares estimation of parameters partly equivalent, as e.g. autoregressive
and was applied throughout in this paper, operators of the type (1-#F) are re-
In lieu of the zr, d-th differences wi presented as an infinite series on the
forming a stationary process are inserted moving average side of the recursive
if the z, themselves are not stationary. filter equation and may be interpreted
The summation over t certainly extends as moving average parameters. The same
to -co, but in practice the terms converge, applies vice versa for moving average
for t << 1, rather ranidly against zero, operators of the type (1-eB).
if the parameters O io not approach the
value I which characterizes nonstationary In table 2, optimum estimated ARTMA-
behaviour. The estimation of the conditional models of some well known time scales
expectations [atlo,Q,z] may then he made have been s ,mmarized. These models
iteratively. After minimization of 3( ,Q), refer to the data part of the homogenious
the residuals at approach well the sto- Stochastic character which contains in
chastic characteri7ation "white" and have each case the latest data (up to the end
minimiied variance 6'2if the dimensions of 1Q76 inclusive). All data of the time
p,d, and q of the model are suitably scale TA(PISNO) could he used because the
chosen. The minimization of S was per- stochastic character alone of this time
formed with the algorithm of "arquardt, scal(' has remained unchanged during 9
described in ; , which is Ised On R years. All other time scales reduced
linearization of the dependence of the their initially strong starting noise

from f an1 Q. in the course of time to values of the329



same order as TAI-TA(USNO). Therefore t + i (1 lead time). Then
column 2 of the table comprises the zt() = E [z+fi I zt, z_1,...), which
amount of data used in each case. Only means that zt(l) equals the expectation
36 data of the time scale TA(NRC) could of zt.4 conditional on zt, zt1,
be used as the Ist differences of which have already occurred. In the
TAI-TA(NRC) show a fractional frequency following, this rule is applied to three
step of I . 10- 12 at the turn of the equivalent forms of ARIYA-models (see
year 1975 to 1976. remarks at the end of chapter 2 con-

cerning the equivalence of models ) in
The general stochastic structure of order to get information on extrapolation

the time differences TAI-TA(i) is ob- errors, uncertainties and correlations.
viously very well approximated by a
(0,2,2)-model. This is approximately (a) ztfl) ca- be interpreted as an in-
valid also for TAI-TA(PTB). The (0,2,2)- finite weighted sun of previous obser-
model of these time differences has vations:
yet a large value of probability
P(X',w) which is equal to 42%. The Zt&') -r Z + ^j.
only exception are the time diffe- 

I t 2

rences TAI-TA(ON) probably containing
periodic fluctuations. For periodic
processes, one has to employ the so-
called seasonal ARIMA models; however, The weights and of the ARIMA
it is not intended to discuss them in (1,2,1)-model of part III were plotted
this paper. in Figure 4 as examples. The contribution

of the weights of previous observations
An interesting conclusion can be decreases rapidly. Moreover, the larger

drawn from the fact that the time the lead time 1 is, the stronger the
differences TAI-TA(i) are generally last known value of zt contributes to
well described by (0,2,2)-models. The zt(l)
spectral density p(f) of the second
differences considered as stationary 2

in this model can be calculated direct-
ly from their (0,0,2)-model.

P(=2 2 1 + 2 - 2 0, (1- e2) cose (2 0

- 2 Q cos (4irf) 6 5 4 3 2 1

f means a normalized frequency for which -1
O S f 4 1/2 is valid. The maximum fre-
quency f z 1/2 corresponds to the (N/2)-
fold of the fundamental frequency
(N.lOd)- I , N being the number of the given
data, and 10 days (d) the data spacing. 8 7 6 5 , 3 2 1 (IThe second differences may be considered japproximately as differentials of the first j -1

differences. Thus one obtains the spectral Fig. 4 The weights of previous data fordensity p(f)/(4r 2f2 ) for the first differ- the extrapolation with origin t
ences. Writing the Taylor series for the over lead times of I (t(l )
cosinus function (cos x = I -xA/!+x*/4!- + or 4 (a(4 ) in units of 0 days
proves that the series of the spectral
density for the first differences contains (b) By remodelling zt(l) to the weighted
only the even powers f-2, fo, fl, ... of sum
the frequency. These powers correspond to
different noise types in the 6(r)-diagram t+1 a* + 4a*e +,E-* at ?-2+'"
which can be calculated from the spectral one obtains from the expectation of thedensity (e.g. Barnes 3 ). (r) means the square of zt+, a statement on the uncertain-

so-called two sample variance. It contains ty of a prediction. For the (0,2,2)-model
the terms of "random walk" (f' ), "white being very well suited for the time differ-
frequency noise" (fo), "white phase noise" ences TAI-TA(i), the so-called variance
(f0), and so on, however, no odd powers function may be calculated
like the term in f-4 corresponding to the 2
flicker noise. Obviously the time differ-
ences TAI-TA(i) contain few or no parts with 1O .1@and X, 1 -Ga. Then
at all of the noise type called flicker the root of V(l) is the standard deviation
noise of the frequency. ag(l) of the extrapolation error for extra-

polation I steps ahead. In Figure 5,
3. Extrapolation s (1) is plotted as a function of I for

the (0,2,2)-models of the institutes in-
In the case of ARIMA processes, the dicated in table 2. The extrapolation over

optimum prediction is obtained by cal- lead times of 30 to 70 days which is re-
culating the expectation of the requested quired for the calculation of UTC(PTB)
quantity. At time t (origin of prediction), therefore contains uncertainties of 0.15
zt(l) is set as the optimum forecast of to 0.3ps in case of optimum extrapolation.
the stochastic variable zt for the time
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differences have the mean value
This is about the order of magnitude of Az(II) = 0,156ps. Then a (0,1,0)-model
the uncertainties caused by the time trans- which is very well suited for this part
mission method LORAN-C in the time differ- has eo = Z- = 0,156 Ls. This value
ences. Improvement of the mathematical corresponds in part II to a mean determi-
extrapolation method thus yields no further nistic trend of the fractional frequency
reduction of the extrapolation uncertainties, differences of 0,156t s/10 d s 1.8 x 10" =

If the times t + 1 for which extra-

1.0 ON NBS polated values are calculated, lie with-
_ -/60 in II, then the deterministic (0,1,0)-

model employing 0o 0,156 1S yields
--O very good extrapolated values. However,
SNO in lq74, there was a change of the sto-

RC chastic character of the time differences.

P$ The mean of the 1st differences now takes4 -' the value 0,0561Ls for part III. The de-
terministic (0,1,0)-model does not follow
this change of the mean fractional frequen-
cy difference of 1.1 x 10 - 1, but it inter-
prets this change for ever as an extra-

SE 0.2 polation error. As there is no important
physical reason to assume a deterministic
trend (with e.g. Do = 0.156 As), it would
be better to allow only stochastic trends
for the frequency differences. This is

0.1 achieved by selecting models with d m 2.
I I For d : 2 this is seen from the third of

0.07 the three recursive extrapolation equa-
10 20 50 100 d 200 tions which is valid for 1 > 2. It repre-

sents the recursive form of a straight
IV line which passes through zt(1) and zt(2).

However, zt(1) and zt(2) have as contri-
Fig. 5 Standard deviations sE of the extra- butory determinants the observed residuals

polation error as a function of at, at-1, and so on. Thus this form of
the lead time tv for the time extrapolation adapts the slope of its extra-
differences TAI-TA(i) of some plation straight line (or the mean of its
well known time scales (i). frequency differences) to the new condi-

tions of part III.
(c) The extrapolated value zt(l) is ob-

tained in the simplest way from the re-
cursive definition of the ARIMA-processes
(cf. beginning of chapter 2). Accordingly,
the extrapolated values of the (0,2,2)-mo-
del result from the equations

A further criterion for the possibility
*" --to use a chosen model for extrapolation is

based on the autocorr~lation function of
zf(2 ) -2 Z t(1) - z t - GO  * ,the extrapolation errors. Models which

-2) yield highly correlated extrapolation
Z =2z(J-1)-zt-2 ; > .errors are unqualified for extrapolation

in the UTC(PTB)-calculation. This UTC(PTB)-

For the times t, the residuals at con- calculation contains the extrapolation
tinuously result from a4 - zt - z,-1(1) error as a correction to the preceding

extrapolations may be executed UTC-UTC(PTB) difference. Thus, extrapola-
The firstinitialalues a be error tion errors having for a long period the
with the initial values at 0. The error same sign sum up to an increasing value.
caused by this approximation reduces rather This leads to large deviations of the
rapidly with increasing time t. However, in time differences from the wanted value
the following examples at's were employed zero. Figure 6 comprises the autocorre-
which resulted from the model adjustment lation functions of the extrapolation
according to the least squares method. errors calculated for the two models
Therefore the examples do not include any (0,1,0) and (2,1,2) of the data part II
initial errors. using the deterministic trends (o0O).

According to this, the (2,1,2)-model com-
In the cited recursive bined with the control of the UTC(PTB)-

form of the extrapolation process, the calculationl is better suited than the
parameter e0 of the deterministic trend (0,1,0)-model though the latter model
was set to zero. On account of the realizes the stochastic process very
stochastic structure of the time differ- well (P(X, v) z 64 1).
ences, it is necessary to dispense with
deterministic trends. Let us suppose
that only the data set of part II of the
PTB time differences is known whose first
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Fig. 7 The standard deviations of the
(extrapolation error for different

extrapolation methods: method of

I Ifitting a straight line (index..... "and etod ftn autApoegesse
"G"), of fitting a parabola (index
"P"), of fitting autoregressive10 15 processes (AR(p)) of the order p,

k --- and method of ARIMA-processes.
Here p is the number of the data
used for fitting the straight
line and the parabola. In case

(2,1,2) of the method of the auto-
regressive processes, however, p

r .is its order. For comparison
k 0 reasons, SE was calculated and

0 5 10 15 plotted for the data parts II,
III, and II + III. Merely thek autoregressive processes were

fitted only to the whole data
Fig. 6 Autocorrelation functions of set of II +III, and the per-

extrapolation errors of the data tinent extrapolation error was
part II for the time differences calculated.
TAI-TA(PTB) represented by the
ARIMA-models (0,1,0) and (2,1,2). It turns out that the extrapolation per-
Though the model (0,1,0) repre- formed by fitting a straight line for
sents the given time differences p = 6 to 8 is practically equivalent to
very well (P(X,v) = 64 %), the the optimized ARIMA-models. The reason
model (2,1,2) is better suited is not trivial and is based on the fact
for the calculation of UTC"PTB) that the nonstationary process of the
because of smaller correlations given data is particularly well repre-
of the extrapolation errors. sented by an ARIMA-model with d = 2. This

ARIMA-model has - as mentioned above - a
dominating stochastic trend in the form
of a continuously adapting polynomial of

the degree d - I = 1, that is to say, a
An interesting conclusion can be drawn straight line. Thus the fitted straight
from the fact that time scale differences line extrapolates in a similar manner as
are usually well represented by (0,2,2)- the optimum adapted ARIMA-process. This
models for an optimum extrapolation from is also confirmed by the fact that the
few data available. Figure 7 compares autocorrelation functions of the extra-
the empirically esti7ated standard de- polation error practically do not differ
viations sE of the extrapolation errors for the methods of a fitted straight line
of different extrapolation methods for and the (0,2,2)-model. Consequently, an
the data parts II, III, and II +III optimum extrapolation can in general be
of the time differences TAI-TA(PTB). The performed by the aid of the pertinent
extrapolation was performed for a lead fitted straight line if 6 to 8 time
time of 40 days (data spacing 1 = 40 d); differences TAI-TA(i) are known.
1 = 40 d is typical of the extrapolation
problem in the UTC(PTB)-calculation. In For a further comparison of the extra-
Figure 7, p means the number of time polation methods, two additional methods
differences used to fit the straight were employed, namely the extrapolation
line or the parabola. In the case of the with the aid of a fitted parabola and the
merely autoregressive process, p is its extrapolation with an autoregressive
order. process fitted to the given data. The com-

0 -parison shows that both methods are obvious-
. mly less appropriate. The method of fitting

Ui a parabola yields too large standard de-
viationr of the extrapolation error. The0.5 m U+Mautoregressive process is too large-scaled
for application. Moreover, it is in the

m. main only a special case of the ARIMA-pro-
0.4 cesses if one sets d = q 0 0. Doing this,

many parameters become automatically
J(0,2,2)8 necessary for adaption purposes. In this

0.3 (P) paper, the necessary number p of para-
SE AR,,) meters was estimated from the behaviour

of the variance 6jof the residuals. This
0.2 variance obviously tends towards an in-

ferior limit so that p . 70 was estimated.
The estimation of such a large number of

2. parameters was not possible because of2 3 5 10 20 30 the small amount of data available. There-
fore the estimation had to be made according

P to the behaviour of the autoregressive mo-
dels up to the order p 4 25.
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part p d q e eo in is ca in 4s P(X2,V) in %

0 1 0 - 0,156 0,153 64

2 1 2 1 1,75 + 0,07 eI Z 1,8o + o,o4 o,o142 0,150 88

02 =-0,84 + 0,07 e2 0,94 + o,o4

0 2 2 - 1= 1,00 + 0,10 0,000524 0,154 86

02 =-0,08 + 0,10

1 2 1 I =-0,09 + 0,1 e1  = 0,91 + 0,04 0,00057 0,154 87

0 1 0 - - 0,056 0,093 <0,1

2 1 2 = 0,57 + 0,27 91 = 0,71 + 0,29 O,OO45 0,082 14

02 = 0,33 + 0,27 92 =-0,07 + 0,26

III 0 2 2 - @I 8 1,07 + 0,10 0,000084 0,083 42

@2 =-0,30 + 0,10

1 2 1 i =-o,1 + O,11 81 0,70 + 0,08 0,000120 0,083 55

2 3 2 I =-O,4O + 0,0 I a 1,70 + 0,08 -0,0OOO88 0,085 50

02 = 0,02 + 0,10 e2 =-0,70 + 0,08

0 2 2 - 81 = 1,00 + 0,07 -0,000469 0,126 33
e2 =-0,15 + 0,07

11+111 1 2 1 =-0,17 + 0,08 81 = 0,82 + 0,04 -0,000477 0,126 36

Table I Comparison of the parameters of ARIIA-models for the data parts II, III
and II + III of the time differences TAI-TA(PTB). p, d and q are the
orders of the autoregressive operators, of the order of difference-
formation and of the order of the moving average operator; ! is the set
of the used autoregressive parameters; Q is the set of the used moving
average parameters. Gocharacterizes a deterministic trend contained in
the given data. tr ti: the standard deviation of the residual noise at.
P( Xl,") was taken from the X2-distribution, v being the number of the
degrees of freedom of the used model. P(X3, v) may be taken as the pro-
bability of how well the model represents the given process.
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Institute N p d q * or E 9 in 4s ea in 4s , in %

F 200 0 2 2 81 = 0,856 + 0,07 82 = -0,016 + 0,07 -0,00141 0,132 78

NBS 120 0 2 2 0I = 0,785 + 0,09 e2 = 0,047 + o,o9 -o,oo665 0,174 67

N10 36 0 2 2 01 a 1,150 + o,16 e2 = -0,341 + 0,16 0,00122 0,108 80

ON 150 0 2 2 9= 0,706 + 0,08 a2 = -0,009 + 0,08 0,00113 0,142 24

100 0 2 2 e 1 = 1,o69 + 0,1o 2 = -0,301 + 0,10 0,00008 0,083 42

100 1 2 1 01 =-O,h07 + 0,11 el = 0,700 ± 0,09 0,00012 0,083 55

RGO 177 0 2 2 = 1,000 + 0,08 a2 = -o,144 + 0,08 -O,00048 0,193 69

USNO 292 0 2 2 81 W 1,020 + 0,06 2 = -0,200 + 0,06 -0,00062 0,130 76

Table 2 Comparison of the parameters of the best suited ARIMA-models for the
time differences TAI-TAi) of some well known time scales. N is the number
of the used data. In each case, the latest data seb of homogenious
character was taken. Further explanations as in table 1.
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ACCURATE MEASUREMENTS OF SPECTRAL DENSITY OF PHASE NOISE IN DEVICES

F. L. Walls and S. R. Stein

Frequency and Time Standards Section
National Bureau of Standards

Boulder, CO 80302
(303) 499-1000, extension 3207

ABSTRACT

Systematic errors larger than 10 dB can occur in applicability, calibration accuracy and convenience,

the measurement of the spectral density of phase noise floor, and immunity from spurious effects. One

unless considerable caution is exercised. Some technique stands out from the remainder because it is

potential problems due to the shape of the analyzer equal to or superior to the others in all respects. By

passband and the Fourier frequency dependence of using the methods described, we conclude that convenient

mixers are discussed. Three measurement systems are measuiements of spectral density of phase may be made

analyzed to determine the conditions under which they to an accuracy of 0.2 dB.

may be used to make spectral density measurements

with an accuracy of 0.2 dB. FILTER SHAPES

In order to actually measure the spectral density
INTRODUCTION of phase one would need a delta function filter. In

The systematic errors in the measurement of the this section, we present three graphs which quantify

spectral density of phase which we discuss concern the errors which one would make in approximating the

the shape of the analyzer passband and the Fourier delta function by a real filter having a bandpass shape

frequency dependence of double-balanced mixers. Both which is equivalent to n/2 high pass poles and an equal

of these problems are well known. However, careful number of low pass poles. The specific function which

calculations and measurements indicate that in certain has been assumed for the purpose of these calculations

regions of the Fourier frequency spectrum the potential is:

errors are substantially larger than had been expected. relative power =
With respect to the wave analyzer passband, we find El + (Af)

2
] n/2

that errors larger than 10 dB can occur when making

measurements at a frequency of three times the noise where Af is the frequency difference from the center of

bandwidth of the analyzer when the spectral density the filter. When defined in this simple manner, the
-5diverges as rapidly as f . We therefore present noise bandwidth of the filter is a function of the

three figures which show the potential error due to number of poles. The noise bandwidths for n = 2, 4, 6,

the width and shape of the analyzer filter as a a and 16 are listed in table 1.

function of Fourier frequency. Curves are given for TABLE I

2,4,6,8 and 16 pole filters and for spectral densities Number of poles, n Noise bandwidth, Hz
-1 -3 -5

which diverge as f , f , and f so that the region

of significant error may be defined for a wide 2 3.14

variety of measurement situations.
6 1.18

Measurements have been made to characterize the 8 0.983

performance of double-balanced mixers in detail 16 0.631

because it has been found that the phase to voltage

coiversion sensitivity of these devices can vary 15 The most common technique for measuring the spectral

dB over a Fourier frequency range smaller than 0.1% density of phase involves applying a signal voltage and

of the nominial bandwidth. Several figures are a reference voltage to a double-balanced mixer and

included which demonstrate the dependence of such analyzing the mixer output. The noise voltage measured

mixers on the input drive levels, the input impedances, at the IF port is simply related to the phase fluctu-

and the output termination. Based on this data, ations between the two inputs provided they are very

we analyze specific techniques for obtaining high near phase quadrature and the total phase fluctuations

accuracy measurements. This discussion stresses wide are small compared to I radian. If two oscillators are
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being compared, a loose phase-lock loop is often used ures, inside the loop bandwidth, is proportional to S (f)

to maintain the quadrature condition. However, the and diverges a factor of f2 more slowly than S (f).

transfer function of such a loop will have the effect The disadvantage of this technique is that the voltage

of high pass filtering the phase fluctuations [1]. to frequency coefficient of the oscillator tuning ele-

Even if a phase-lock loop is not employed, it is often ment must be measured. This coefficient may depend on

necessary to high pass filter the noise in order to Fourier frequency [21.

obtain sufficient amplification to measure low noise

levels. Consequently we have assumed, for the purpose DOUBLE-BALANCED MIXER PHASE SENSITIVITY

of this calculation, that the spectral density being In order to relate the voltage measured at the
measured variesh vltae easreas:th

measured varies as: output of a mixer to the spectrum of the phase noise, it

S(f) =[2 + (f/0.25 Hz)2]-p
/ 2  

is necessary to know the phase sensitivity of the mixer

(V/rad). Two significant problems are often encountered
for p = 1, 3 and 5. in its measurement. If wo oscillators are being com-

Figures 1, 2 and 3 show the relative error in esti- pared, then the mixer can be calibrated by allowing the

mating such a spectral density with an n pole filter, oscillators to free r",'. However, very stable oscil-

where n = 2, 4, 6, 8 and 16. The relative error is lators are often tunable over only a few Hz. One must

defined as: answer the question: How can the calibration at low
]measured value - (f) frequencies be extrapolated to ten or one-hundred kHz?

relative error S M() If two components are being compared using a phase

The potential errors increase very rapidly as the bridge, then the possibility of obtaining a beat signal

slope of S (f) increases and as f approaches the without significantly altering the measurement condi-

analyzer noise bandwidth. For example, a situation tions does not exist. The calibration is often per-

which could occur would be the measurement of a high formed by inserting a signal from a second oscillator in

level quartz oscillator at 1 HZ. In this case the one side of the bridge, duplicating as far as possiblepower quartl oscllto imednc codtos Wz. mus thnscaseth

spectral density may vary as f . If one were to make power level and impedance conditions. We must answer

this measurement with a commercial analyzer having a the question: How sensitive is the calibration to

noise bandwidth of 1 Hz and an 8 pole bandpass filter, changes in drive level and driving impedance?

then the expected error is 15 dB at f = 2 Hz. Since the Careful measurements reveal that the answers to

error depends on Fourier frequency, not only is the these questions are rather complex. Only under certain

absolute value of the measured spectral density in termination conditions do the mixers appear broadband,

error, but its measured dependence on frequency is also to 100 kHz, and these same conditions seriously degrade

incorrect. It is therefore possible to draw incorrect the noise floor of the measurement system. On the other

concusions about the fundamental noise processes which hand, when the noise floor is optimized by reactively

are involved. By scaling figures 1, 2 and 3 according terminating the mixer, the bandwidth degrades severely

to the noise bandwidth one may use them to estimate the and it is necessary to calibrate the system at every

minimum frequency at which S4(f) may be measured with frequency for which phase noise measurements are desired.

less than a selected error limit. The accuracy of this The results of a variety of measurements are presented

estimate will depend on the deviations from the assump- in this section to demonstrate the dependence of doubl-

tions which have been described above, balanced mixers on drive level, input impedance, and

One can draw several conclusions about how to make output impedance. In the following section several

more accurate measurements at very low Fourier fre- measurement systems are discussed which brinq these

quencies. In the first place, one should use the variables under control and permit fast, convenient and

narrowest filters with the steepest skirt functions, highly accurate phase noise measurements to be made with

Fast Fourier transform analyzers are now available double balanced mixers.

which have bandwidths of a few millihertz and corres- The measurement system which was used to charac-

pondingly steep skirts. In the second place, it is terize the double-balanced mixer is shnwn in Figure 4.

possible to lessen the severity of this problem by' The drive conditions ar- maintained nearly identical at

prewhitening the noise. One straightforward method for the R and L ports of the mixer by the two isolation

doing this is to use a tight phase-lock loop instead of amplifiers which have output impedance Zd. The mixer is

a loose lock loop. The noise voltage which one meas- terminated by an impedance ZL and isolated from the
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other loads by the LC filter. The synthesizer, in the current drive and a 0.1 IF load the variation in phase

lower signal path, makes possible beat frequency measure- sensitivity is 15 dB over the 1 to 100 kHz range.

ments of the phase sensitivity at any offset frequency. Neither the phase sensitivity nor its frequency de-

The calibrated electronic phase shifter, in the upper pendence remain constant for even the smallest changes

signal path, allows direct measurement of the phase in a measurement system. For this reason, the figures

sensitivity at any Fourier frequency by the insertion of presented here should be used only as a guide. A care-

a coherent phase modulation spectrum. It is described ful calibration must be made after every change in a

in more detail in the next section. For these meas- measurement system. Some ways for making such cali-

urements, the delay line phase-shifter is used to main- brations more convenient are discussed in the next

tain the two input signals to the mixer in the quad- section.

rature condition. When using the same voltmeter for all

measurements, the two methods agree to within 0.2 dB, so HIGH PRECISION MEASUREMENT SYSTEMS

the electronic phase shifter was used for the mixer The following measurement systems can be calibrated

calibrations since it is significantly easier to use. to an accuracy of 0.2 dB. Differences in noise per-

formance, convenience and means of calibration are

Figure 5 shows three sets of phase sensitivity discussed. Figure 8 illustrates a simple test set for

calibrations. Between the two curves of each pair, the

only change is the drive level which is 
defined as the

relatively large and the phase sensitivity minimum.

amount of power delivered when the mixer 
is replaced by

However, the phase sensitivity is flat vs. Fourier

imedance vla bt the riving impence aneadn frequency. This system can be used for a wide variety
impedance vary between the sets. These measurements

of carrier frequencies with a S (f) noise floor approxi-

reconfirm the well-known result that, independent of mately -160 dB relative to 1 rad 2/Hz. By simply measuring

other conditions, the phase sensitivity depends strongly

on how much current the diodes in the mixer conduct. Kd, the phase slope at the zero crossing, 
using a strip

chart recording or a scope trace, one can calibrate the
The dependence on drive power makes it impossible to

system from dc to 100 kHz with an accuracy of about 0.2
make any substitution of devices on the input of the

dB. Specifically:

mixer without introducing about 3 
dB uncertainty in the

calibration unless some method, such as the one dis- 2 V(f) 2

cussed later, is used to significantly reduce this 
Sf)= j(volts-rad)

dependence.

where V n(f) is the RMS noise measured with the spectrum

If the mixer is terminated at its X-port 1 a 500 analyzer at Fourier frequency f in a noise bandwidth f

load, then the beat frequency output is nearly sinu- and G IG2 is the measurement system gain. It is imperative

soidal. When a high impendance termination, for example that the measurements be made with exactly the same

1 kP, is used, the beat waveform becomes triangular and cables and mixer drive levels as was sed during the

when the appropriate capacitive termination is used the calibration. Simply replacing a cable can change the

waveform is more nearly square. This means that the calibration factor, i.e., phase sensitivity, by 3 dB or

slope through zero, i.e., the phase sensitivity, is more. Because of this, this system is not very suited

increased (3). Quantititive results are shown in Figure for measuring noise in amplifiers, etc.

6. It is seen that the available increase in sensi-

tivity is more than 10 dB. In addition to decreasing The errors associated with the spectrum analyzer

the phase sensitivity, a 500 termination increases the bandwidth and skirt selectivity can be estimated from

white noise level. As a result, noise floor consider- Figures 1, 2 and 3, if the asymptotic form of the

ations often require the use of the capacitive ter- analyzer filter roll-off is known. However, to assure

mination. an accuracy of better than 10 dB for Fourier frequencies

near the filter noise bandwidth, it is necessary to map

The trade-off is an increased variation of the the analyzer transfer function carefully and deconvolute

calibration with Fourier frequency. The full extent of the measured output. A word of caution - spectrum

this dependence is illustrated in Figure 7. When the analyzer noise bandwidths may be as much as 3 dB dif-

driving impedance is low, IMf, and the load capacitance ferent than advertised. Another common trouble is due

is 0.01 WF, the peak-to-peak variation in phase sensi- to finite dynamic range; often it is necessary to

tivity is only 0.4 dB, but in the case of the constant precede the spectrum analyzer with a filter to remove
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out of band noise e.g., 60 Hz and its harmonics, as a function of f. Results obtained with this method

and the beat frequency method agree to within 0.2 dB.Another coimnon trouble,which causes a change in The phase shifter can be calibrated to within 0,2 dB at
mixer sensitivity, is phase drift between the oscil- dc using a time interval measurement, e.g., the dual
lators due to finite gain in the phase-lock loop. mixer time difference system (2] or it can be calibrated

This is easily avoided by using a second order phse with the beat frequency method to the same accuracy.

lock loop which normally holds the phase error to less At high Fourier frequencies, a storage scope can be

than 0.1 rad [3]. The phase lock loop attack time, Tv, used to check the flatness of the sensitivity. The
is adjusted to be equal or greater then 2/T f .where

mnw present design, shown in Figure 10, uses a series tuned
fmin is the minimum Fourier frequency of interest. For LCR circuit sandwiched between two high quality iso-
Fourier frequencies below 0.1 Hz it is often neces- lation amplifiers [3]. The isolation amplifiers
sary to measure S (f) instead of S (f). This can bey guarantee that the phase shift is independent of input
accomplished by using a tight phase lock loop with Tv v and/or output loading conditions. The LCR circuit has

less than 1/110 fmax' where fmax is the highest Fourier a Q factor of about 2 and therefore is very wideband.
frequency of interest. In this case the mixer output The residual amplitude modulation is typically -60 dB

is proportional to S (f). relative to the phase modulation of I x 10
-3 

rad.2 2
SK2 Measurements of S (f) using the tight phase lock loop

( y2 _eand are calibrated using the calibrated phase shifter via:
y V 2

2 [Vn(f) fK ] 2
S$(f) 2S y(f), Sy VRf) fh

y

where K yis the voltage to frequency sensitivity in where f, K, Vn (f) and V R(f) have the previous definitions.

Hz/volt of the oscillator tuning element, and V is the Figure 11 shows a measurement system for S (f)

carrier frequency. If s,_ (f) is varying rapidly, the which holds its calibration factor over a 15 dB change
tight phase lock loop method can be used to prewhiten in input power, has very low noise, and can be made

the noise, enabling more accurate measurements. very flat from dc to 100 kHz Fourier frequency offset

from the carrier. This system is based on the use of
Figure 9 illustrates a more general measurement low noise current coupled pairs as odd-order multipliers

system which is capable of measuring So(f) of signal [4]. This has many advantages:

processing equipment and passive components, as well as

oscillators. The calibration procedure is very simple (1) The output level and drive impedance is
virtually independent of input drive over a

and simuataneously calibrates mixer sensitivity, amp- large range (See Figure 12) with the consequence

lifier gain and spectrum analyzer gain. This system is that the mixer sensitivity is constant.
Therefore, only one calibration is necessary.

the most convenient one of the three for measuring (2) The multiplication raises the input noise by

S (f) with a tight phase-lock loop. n
2 

so that the mixer noise and the following

y audio amplifer noise is less important.
Therefore the mixer can be resistively termi-

The calibration procedure consists of driving the nated in order to keep it flat vs. Fourier

precision phase shifter with a reference signal of frequency without sacrificing noise performance.
Both oscillators and passive components can

known amplitude from 100 HZ to 100 kHz. This reference be measured.
mixer output is then compared to the measured noise (3) One can freely substitute components and/or

level. The calibrated phase shifter and its cali- devices on the input and still maintain the
same system calibration factor to within 0.1

bration are discussed below. This system allows the dB, allowing precise comparisons of the added

use of a mixer termination which maximizes its phase noise of various system subassemblies.

sensitivity and minimizes the noise. For a loose (4) Noise floors below S (f) - -180 dB relative
to 1 rad

2
/Hz have been achieved with a funda-

phase-lock system: mental carrier frequency of 5 MIz and a
V n(f ) 

K]2 x9 commercially available multiplier.

fh CONCLUSION

where K is the RNS phase modulation impressed by the It has been shown that a failure to take into

phase shifter in radians, and V R(f) is the output account the effect of the analyzer window shape and/or

reference voltage as measured on the spectrum analyzer the frequency dependence of the mixer can lead to
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curves are parametrized by n, the number of poles in the Fig. 5
bandpass filter. The double-balanced mixer phase sensitivity as a function

of Fourier frequency for different drive levels. Each
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between the pairs.
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zero crossing. The accuracy is 0.2 dB from dc to 100 kHz
Fourier frequency offset from the carrier. This system is suitable
only for oscillators. A wide range of carrier frequencies can
be accomodated with the same measurement system.
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Fig. 9 Precision phase measurement system featuring self calibrationto 0.2 dB accuracy from dc to 100 kfz Fourier frequency offset
from carrier. This system is suitable for measuring signal
handling equipment and passive components, as well as
oscillators. Different carrier frequencies require a
different phase shifter.
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FREQUENCY AND TIME DOMAIN STABILITY OF THE Rb8 7 
MASER

AND RELATED OSCILLATORS:A PROGRESS REPORT

Jacques Vanier, Michel T9tu, Roger Brousseau

Labotatoire d'Electronique Quantique
D~partement de Gnie Electrique

Universit6 Laval

Abstract regions are again clearly identified and the behaviour
of the masers can be represented by the expression:

Time domain and frequency domain characteristics -27 2
of the rubidium maser are reported. The two types of S (f) = 1.5 x i0

2 5
f
2 

* 3.6 x 10 f
measurements are found to be in relatively good agree- y
ment. The measurements show that the maser is one of The first term represents a random walk type of fre-
the oscillators with the highest spectral Puritv and
which consequently has a very good short term stabili- quency instabilities nd the second term, a white
ty. The question of transferring short term stability phase noise contribution. These measurements can be
from a good oscillator to a poorer oscillator is exa- expressed in the time domain through the usual trans-
mined, formation formula (4). This gives:

Introduction r > 1 sec -. aV(T) I x 10'12T

In the past . have given reports on the cons- (random walk of frequency).
truction of a small rubidium maser (1) as well as on -14f T-I
its physical characteristics (2). The maser itself is T 1 1 sec -- o (T) = 1.6 x 10 f
a unit 20 cm in diameter by 30 cm long. Its comnlete y h

description is given in reference (1). Its sta lity
has been reported in the time domain as 2 x 10- T

-
1 (white phase noise) where f- is the cut off frequency

for T < 1 sec; alflicker floor was obtained at a level of the filter used in the measuring set up. It was
of about 2 x 10 I3T for f se < ne 103eel verified that most of the white phase noise originated

0. The measu- from additive noise probably generated in the receiver.
rements in the short term region were done on the beat In fact a wave analyser connected directly at the
frequency between two rubidium masers and in the mid output of the receiver gave a noise level expressed in
term region between the rubidium maser and a hydrogen the same unit as the phasemaser, ni asthofas spectral density of S (f)
maser. of -73.5 db relative to one rad per Hz. This copres-

ponds to a stability C(T) = 8.5 x 10-15fhT-1 which
More recertly we have made measurements on the is close to the results given above. A similar measu-

frequency stability of this type of maser in the fre- rement made on the output of a hydrogen maser receiver
quency domain and have related these measurements to equiped with a pre-amplifier at 1420 MHz and 2 db noise
results obtained in the time domain. We have examined figure gave an equivalent whie phase noise limit S
the problem of the transfer of stability in the short of -54 db relative to o~e red per Hertz. This givet
term region, from the maser to a quartz oscillator of a o(T) of 3.9 x l0-1

3
fh T-i in the short term region,

poorer stability. This paper reports some progress on consistent with published results in such devices.
both of these subjects. Thermal noise within the maser line width will also set

a lower limit to the stability of these devices in theRubidium Maser Frequency Stability short term observation times. In the case of the hy-
drogen maser one obtains for an optimum setting of all

A typical result of a measurement of the rubidium parameters o(r) = 2 x 10-14r
-  

tile for the rubidium

maser stability obtained in the time domain is shown maser one obtains o C) = 4 x 10
-  

f the (5 d

in fig. I. These measurements were made on the beat y

signal between the compact8 b
8 7 

maser described in re- Crystal Oscillator Phase Locked to the Maser
ference (1) and another Rb8 maser (3),the first maser
being considered as the measurement reference. The The atomic frequency standard has in general an
results shown in fig. 1 have not been divided by 1 output frequency which is not readily usuable. It is
Two regions are clearly identified. A region where then standard practice to phase lock a crystal oscil-
o(a) varies as T

-
1 which is considered as due to white lator at a standard frequency of, say, 1OMHz to the a-

phase noise. The source of this rwise is believed to tomic standard. This is shown in fig. 4 where an inte-
be thermal noise added to the maser signal b the re- grator is placed in the feedback loop. At the condi-
celver. In a second region G(T) varies as T

. 
which re- tion of critical damping, the spectral density of the

flects a .andom walk type of frequency instability, phase fluctuations of the locked crystal oscillator are
Here this imstability is believed to originate mostly given by:
from the thermal fluctuations of the maser cavity fre-
quency through the pulling phenonemon. (.,r')41 1 + 4 (T',)

2

The frequency domain measurements were done with 1 (1 + (T')2)2 n2 ( + (T')2)
2  

r

the set up shown in fig. 2. In that case a low ire- (i)
quency stable oscillator was used as the reference and
was phase locked to the beat signal between the two ma- where S is the phape spectral densitv of the crystal

sers. The system could be operated either in the tisht oscilla hr, S is the spectral density of the referen-

phase lock mode or in the loose phase lock mode. The ce, ,, is a FolT{ier frequency, Z and f refer respective-

spectrum analyser used was a Schlumberger EMR model no lv to locked and free running mode and T Is a time

1510. The lii t of resolution of the system was about constant defining loosely the bandwidth of the phase

20 db below the lowest noise level measured. The re- lock loop. As shown in the same figure, the first

sults of the measurements are shown in fig. 3 as Sy(f): term acts as a high pass filter. In this way the low

the spectral density the fractional frequency instahi- frequency fluctuations of the crystal oscillator are

lhty y, as a function of the Fourier frequency. Two filtered out or corrected. The phase stabilitv of the
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maser is thus transferred to the crystal oscillator stability of a good low phase noise oscillator such as
for low Fourier frequencies or in other words the long a maser could, in principle, be transferred to a crys-
term stability of the maser is transferred to the tal oscillator of poorer short term stability. However
crystal oscillator. One question arises, however, re- further experiments are required to verify that the ac-
garding the stability of the crystal oscillator in the tual technique used in the experiment described for
short term region. It has been standard practice to introducing white phase noise in the phase locked crys-
use crystal oscillators with very low phase noise at tal oscillator is truly equivalent to the use of a poor
high Fourier freouencies and adjust the bandwidth of crystal oscillator having a high level of white phase
the feedback filter to a value tha optimizes the per- noise.
formance of the whole frequency standard. The possi-
bility of using low quality crystal oscillators (high Acknowledgement
level of white phase noise) would be interesting. In
that case the bandwidth of the phase lock loop would The authors would like to thank Dr Claude Audoin
need to be opened in order for phase fluctuations at for his suggestions relative to the phase lock loop pro-
high Fourier frequencies to be filtered, as is shown blem and Mr. R. lier for his competent technical help.
in fig. 4. One of us (Jacques Vanier) would like to thank the per-

sonnel of the Time and Frequency Division of the Natio-
Experimental attempts have been made in order to nal Bureau of Standards where he has spent a period of

check qualitatively these possibilities. The refe- time and has benefited from very stumulating discus-
rence oscillator was a good crystal escillator at 5 sions.
MHz with white phase noise below -130 db relative to
one rad

2 
per Hertz. The quartz oscillator was a sim- References
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te white phase noise over a broad range of Fourier 87
frequencies. Fig. b and 7 show the results obtained (3) Short Term Frequency Stability of the Rb Maser,
when the bandwidth of the phase lock loop was 9pened M. T~tu, G. Busca, J. Vanier, IEEE Trans. on Instr.
correspondingto respective situations where f Z Meas., IM 22, 1973, p. 250.
110 Hz and f = 276 Hz. In this case it is clear-
Iv observed that part of the phase noise is filtered (4) Characterization of Frequency Stability, J.A. Bar-
in a way compatible with the bandwidth set and in qua- nes et al., IEEE Trans. on Instr. and Mess., IM
litative agreement with equation 1. The fact that the 20, 1971, p. 105.
uuise at the mixer does not drop to the same level at
low frequencies for both amolitudes of noise applied (5) On the Fundamental Limitation of Masers Short Term
to the crystal oscillator may be due to the finite Frequency Stability, G. Busca, S. Roves, to be
gain of the operational amplifier used in the filter published.

of the phase lock loop. From these results it i
clear that measurements of the "noisy" quartz oscilla-
tor staility in the time domain would be improved.
However care woild need to be exercised in adjusting 10 . . .

the bandwidth of the time domain measuring equipment
to a value compatible with that of the phase lock loop
system. Furthermore the slope of the filter used in 

( b
the time domain measurement would need to he at least L

40 db per decade, otherwise noise at high Fourier fre- 1V- h
quencies would predominate and mask the improvement
observed at low Fourier frequencies. 7

Conclusion

In the present paper we have reported the results
of measurements of frequency stability in both time
and frequen-y domains. We have found that the two ty-
pes of measurements are consistent in the present case, io- . ,
and have identified the various types of noise proces- :0-1 ;0

-  
10'

- 
loo Ill T[53

qes contribution to the instabilities measured. From
these measurements and past studies it appears that
the rubidium maser could be largely imnroved by con-
trol of proper parameters such as light shift and tem-
perature. These are believed to be the factors affec- FIGDE 1. Time domain frequency stability of the rubidi-

ring the medium term stability through a random walk um maser; D (T) is the square root of the sample var-

type of noise process. As far as white Phase noise is iance.

concerned, the maser still appears as one of the best
oscillator, that can be used as a reference oscillator.

From thp preliminary results on the phase lock
loop question it appears that in orinciple, white pha-
se noise at the output of a crystal oscillator can be
reduced to some extent by a Proper choice of the band-
width of the loop. This indicates that the short term
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FIGURE 4. Diagram of a typical phase lock loop used FIGURE 5. Spectral density of phase as a function
to lock a crystal oscillator to a maser, of the fourier frequency for a "noisy"qusrtz cry-

stal oscillator as measured with a "loose phase lock
loop".
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FIGURE 6. Effect of increasing the bandwidth of the FIGURE 7. Effect of increasing the bandwidth of the
phase lock loop on the spectral density of phase of the phase lock loop on the spectral density of phase of
"noisy" quartz crystal oscillator. The bandwidth of of the "noisy quartz crystal oscillator. The band-
the servo loop is 110 Hz. width of servo loop is 276 Hz.



AUTOMATING PHASE NOISE MEASUREMENTS IN THE FREQUENCY DOMAIN

Algie L. Lance, Wendell D. Seal,
Frank G. Mendoza and Neal W. Hudson

TRW Defense and Space Systems Group
Equipment Management Center, Metrology

One Space Park
Redondo Beach, California 90278

Summary Long-term stability is usually expressed in terms
of parts per million per hour, day, week, month or

Automation of phase noise measurements has been year. This stability represents phenomenon due to the
developed with satisfactory results using two types of aging process of circuit elements and of the material
measurement systems. Measurements are performed in used in the frequency determining element. Short-term
the frequency domain using a spectrum analyzer which stability relates to frequency changes of less than a
provides a frequency window following the phase or few seconds duration about the nominal frequency. The
frequency detector. One system measures the combined measurement of frequency stability can be accomplished
phase noise characteristics of two sources. The two in both the time domain and frequency domain. In the
source signals are applied in quadrature to a phase frequency domain, measurements are performed using a
sensitive detector (double balanced mixer) and the spectrum analyzer which provides a frequency windcw
voltage fluctuations analog to the phase fluctuations following the detector. In the time domain, measure-
are measured at the detector output. One measurement ments are performed with a gated counter which provides
system is designed to measure the phase noise charac- a time window following the detector.
teristics of a single oscillator. The single-oscil- Phase noise is the term most widely used to des-
lator measurement system is designed using the delay cribs the characteristic randomness of frequency. The
line as an FM discriminator. Voltage fluctuations trm spe ractrit randomtes pwer t
analog to frequency fluctuations are measured at the term spectral purity refers to the signal power to
detector output. phase noise sideband power ratio. Spurious aignals are

outputs in the spectrum of a source that are neither
The calibration and measurement steps are con- part of the carrier nor its harmonics, and they may be

trolled by a calculator program. The calibration discrete frequencies or bands of frequencies. The
sequence requires several manual operations. The soft- spectral content of the noise modulating signals is
ware program controls frequency selection, bandwidth finite in bandwidth and does not have the same band-
settings, settling time, amplitude ranging, measure- width and same amplitude at all frequencies as one
ments, calculations, graphics, and data plotting, finds with white noise.

A quasi-continuous plot of phase noise is obtained Practical oscillators demonstrate noise which appears
by performing measurements at Fourier frequencies to be a combination of casually generated signals and
separated by the IF bandwidth of the spectrum analyzer random, non-deterministic noises. The random noises
used during the measurement. Plots of other defined include thermal noise, shot noise, noises of undeter-
parameters can be obtained and plotted as desired, mined origin (such as flicker noise), and integrals of
Data plots will be used to show the effects of phase those noises. The end result is time dependent phase
lock loops, inadequate isolation of two sources when and amplitude fluctuations.
using the two-oscillator technique, and the limiting
frequency range of measurements performed using the General Theory and Definitions
delay line as an FM discriminator.

High quality sources can be measured without The instantaneous output voltage V(t)lof a signal

multiplication to enhance the phase noise prior to generator or oscillator may be written as

downconverting and measuring at baseband frequencies. V(t) - [V + (t)] sin [2nvt + 0t)] (1)

Measurements can be extended through the milli-
meter frequency band. The integrated phase noise can where Vo and v. are the nominal amplitude and frequency
be calculated for any selected range of Fourier fre- respectively and c(t) and 4(t) are the instantaneous
quencies. This capability is being added to the pre- amplitude and phase fluctuations of the signal. The
sent software program. definition of instantaneous fractional frequency de-

Special reference -- Automated Phase Noise Measure- viation y(t) is based on the provision that e(t) and

.ents, The Microwave Journal, Vol. 20, No. 6, June, d4/dt are sufficiently small for all time t. #(t) is
197. a varying real function of time, representing angle

Introduction modulation, i.e., frequency and phase fluctuation.

In this presentation the Greek letter nu (v) rep- Frequency fluctuations (6v) are related to phase

resents frequency for carrier-related measures. Modu- fluctuations (8#) by

lation-related frequencies are designated (f. If the 6v E8/2w - 1/2v d(d#)/dt (2)
carrier is considered as dc, the frequenci? measured
with respect to the carrier are referred to as base-
band, offset from the carrier, modulation, noise, or i.e., angular frequency deviation 50 is equal to the
Fourier frequencies. rate of change of phase deviation (the first time

derivative of the instantaneous phase deviation).
The term frequency stability encompasses the

concepts of random noise, intended and incidental modu- y is defined as the fractional frequency fluc-

lation, and any other fluctuations of the output fre- tuation or normalized frequency deviation. It is the
quency of a device. In general, frequency stability value of 6v normalized to the average (nominal) signal

is the degree to which an oscillating source produces frequency vo .

the same value of frequency throughout a specified
period of time. y /v 0 dimensionless] (3)
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y(t) Is the instantaneous fractional frequency devia- If the small angle condition is not met, Bessel
tion from the nominal frequency vo .  function algebra must be used to relate S6 (f) to f).

A representation of fluctuations in the frequency Script f) often is expressed in decibels re-
domain is a graph called spectral density. Spectral lative to the carrier per hertz (dc/Hz) which is
density is the distribution of variance versus freq- calculated as
uency.

The spectral density Sy(f) of the instantaneous rS (f) l nit
fractional frequency fluctuations y(t) is defined as f) o ' one un 0 ldBc/z] (11)
a measure of frequency stabilityl. 2 rad J

Sy(f) is the one-sided spectral density of frac-
tional frequency fluctuations on a "per hertz" basis; It is very important to note that the theory.
the dimensionality is HzI. definitions and equations given above relate to the

S f" S (f/v 0 2 [Hz- 1 (4) noise of a single device.

inH 2 /Hz, is the one-sided spectral Noise Processes

density of frequency fluctuations 6v. It is calcu- The spectral density plot of a typical oscil-
lated as (6vrma)2 /(Bandwidth used in the measurement lator's output is usually a combination of different
of 6wrms). noise processes. It is very useful and meaningful

The spectral denaity of phase fluctuations is a to categorize these processes since the first job in
frequency domain measure of phase fluctuations defined evaluating a spectral density plot is to determine
as follows: which type of noise exists for the particular range

S6*(f), in rad2 /Hz, is the one-sided spectral of Fourier frequencies. The two basic categories of
distribution of the phase fluctuations on a "per hertz" noise are the discrete frequency noise and the power-
basis. It is calculated as law noise process.

(orms 2 Discrete frequency noise is a type of noise in
S (f) n h s t es [rad /Hz (5) which there is a dominant observable probability i.e.,
60() as ( (Bandwidth used m as u t deterministic in that they can usually be related to

The phase and fractional frequency fluctuation spectral the mean frequency, power line frequency, vibration

densities are related by: frequencies or AC magnetic fields, or Fourier compo-
nents of the nominal frequency. These frequencies

Sf) M rad2/ f 2 ) S Mf irad /Hz] (6) can have their own spectral density plots which can
8# y be defined as noise on noise.

sis.defie se Power-law noise process - pes of noise which
angular frequency fluctuations S-. The produce a certain slope on the one aided spectral
tral densities have the following Interconnectingde nit tha e ca a y e ee
relationships. denity or Te aretictied by thir depo-

dence on frequency. The spectral density plot of a
S (f) o2/ 

2
)-Sy/2) 2 S2/ typical oscillator output is usually a combination of

S () 2 the different power-law processes. In general, we can
classify the power-law processes into five categories.

t dn2h h 2Hzng ntro(c ) These five processes are illustrated in Figure 1 whichrelationships,) can be referred to with respect to the following des-
cription of each process2.

and f f/ 2 = (12) 2
(v )2 d Random Walk F (random walk of frequency) - TheS y = S if) 0 60(f) plot goes down asut/pu is noise is usually very

2 f2 $] (8) close to the carrier and Is difficult to measure. It
= -2 S6,() [HZ_ (8) is usually related to the oscillator's physical envi-
v0  ronment (mechanical shock, vibration, temperature, or

other environmental effects).

A useful measure of frequency stability relates
the sideband power associated with phase fluctuations Ficke - ( r of frequency) - The plot

to the carrier power level. The defined measurand is o o s /f. This noise is ally e
called Script /.(f). (f) is defined as the ratio the physical resonance mechanism of the active oscil-

of the power in one sideband, referred to the inputro t e n hoc rt e rte
carrier frequency, on a per hertz of bandwidth electronics or power supply, or even environmental

properties. The time domain frequency stability overspectral density basis, to the total signal power, extended periods is constant. In high quality oscil-

at Fourier frequency f from the carrier, per oneltrs hi noemabe akdbywteF (1f) r
device . It is a normalized frequency domain measure flier poas 

n  . Tdunao s *M t ay be ased o

calle Scrit (). () is efind as he raloe phse meouatn Mhns (1 f Ith macte masked-

of phase fluctuation sideband power. by drift in low quality oscillators.

SdHz l (9) White FM - (white of frequency)c- Random Walk of
Phase - Plot goes down astan . A o n type of

e enoise found in passive-resonator frequency standards.Power Density (one phase modulation sideband) Ceium aond uid asium rsao frequency standards. hieF
Carrier Power Cesium and Rubidium frequency standards have white FM

noise characteristics since the oscillator (usually

For the condition that the phase fluctuations occuring quartz) is locked to the resonance feature of these

at rates f and faster a e smll compared to one radian, devices. This noise gets better as a function of time
a good approximation ist until it (usually) becomes flicker FM (1/f3 ) noise.

I22
S64(f)lone device - (2 rad2) (f) [rsd2/Hz](O)

348



3
Flicker OM - (flicker (modulation) of phase) - Equation 12 is sometimes expressed as

The plot goes down as 1/f. This noise may relate to v)2 2
the physical resonance mechanism in an oscillator. It 6 (f) - S /K [rad /Hz] (15)

is common in the highest quality 
oscillators. This

noise can be introduced by noisy electronics , amp- where K is the calibration factor in volts per radian.
lif irs necessary to bring the signal amplitude up to
a usable level, and frequency multipliers. This noise For sinusoidal beat signals, the peak voltage of
can be reduced by careful design and hand-selecting the signal equals the slope of the zero crossings in
all components. volts per ralian. Therefore, (Vpeak)

2 
- 2(Vrms)

2 ,

which is the same as the denominator in Equation 12.
White *M - (white of phase) - White phase noise

plot is flat fe. Broadband phase noise is generally S60(f) can be expressed in terms of decibels rela-
produced in the same way as flicker #M (1/f). Late tive to one square radian per hertz by calculating 10

stages of amplification are usually responsible. This log S60(f) of the previous equation.
noise can be kept low by careful selection of compo- 2
nents and narrow band filtering at the output. S6(f) in decibels relative to 1 rad2/Hz -

The interconnecting relationships of modulation
index, rms frequency deviation, peak frequency de- [20 log [(6v)rm - 20 log(Vrms)
viation, and spectral density of phase fluctuations
are shown in Figure 1. These relationships are - 10 log(B) - 3 dB2 [dB(rad2/Hz](16)
derived in Appendix A.

A correction of +2.5 dB to the (6v)rms term is
Basic Two-Oscillator Technique required for the Tracking Spectrum Analyzer used in

these measurement systems. See HP Application NoteA functional block diagram of the measurement 207.
3

system employing two oscillators 
is shown in Figure 2.

NBS has performed phase noise measurements using this A f) can be expressed in terms of decibels re-
basic type system since 1967. lative to the carrier power per hertz (dBec/Hz).

Assume that the reference oscillator is perfect g4(f) in decibels relative to 1 Hz-
I 

=
(no phase noise) and that it can be adjusted in fre-
quency. Also, assume that both oscillators are ex-
tremely stable so that phase quadrature can be main- [20 log [(SV)rms] - 20 log(Vrms )
tained without the use of a phase-lock loop.

The double balanced mixer acts as a phase-sensi- - 10 log (B) - 6 dB3 [dBc/Hz] (17)
tive detector so that when two signals are identical
in frequency and nominally are in phase quadrature, The -6 dB correction occurs because the operation
the mixer output is a small fluctuating voltage 6v of the mixer, when it is driven at quadrature, is such
centered on approximately zero volts. This small fluc- that the amplitudes of the two phase sidebands add
tuating voltage represents the phase modulation PM linearly in the output of the mixer. rhis results in
sideband components of the signal, four times as much power in the output as would be

present if only one of the phase sidebands were allowedIf the two oscillator signals applied to the mixer to contribute to the output of the mixer.

of Figure 2 are slightly out of zero beat, a slow sinu-
soidal voltage with a peak-to-peak voltage of V tcan Spectrum analyzer corrections must also b added
be measured at the mixer output. Under the cond~iions to this equation.
for which Equation (10) is valid, the ralationship
between mean-square fluctuations of phase 6i and Two Noisy Oscillators
voltage 3v interpreted in a spectral density fashion

has been shown to be
1  

The measurement system of Figure 2 yields the out-
put noise from both oscillators. If the reference

S M)- S(f)/2(V ) [rad /Hz] (12) oscillator is superior in performance as assumed in the
at(f av rue previous discussions, then one obtains a direct measure

of the noise characteristics of the oscillator UnderHere, S6v(f), in volts squared per hertz, is the teat.

spectral density of the voltage fluctuations 
at the

mixer output. Since the spectrum analyzer measures If the reference and test oscillators are the same
rms voltage in a bandwidth B, the analyzer reading is type, a useful approximation is to assume that the
In units of volts per 6Bandwidth. Therefore, measured noise power is twice that which is associated

with one noisy oscillator. This approximation i In
2 error by no more than 3 dB for the noisier oscillator

(v even if one oscillator is the major source of -ie.
S M = [ /Hz] (13) The equation for the spectral density of measured

phase fluctuations is
~S~v(f)J

where B is the noise power bandwidth used in the S + (f two devices
measurement.' , 64f)#2 2S 8 (f) 2

Since it was assumed that the reference oscil- 
n~s

lator did not contribute any phase noise, the voltage 2 S f I [rad 2/Hz] (18)
fluctuations (6)rms represent the oscillator under 6 ' lone
test and the spectral density of the phase fluctuations device
in terms of the voltage measurements performed with The measured value is therefore divided by two in
the spectrum analyzer is (6Vrms)2 order to obtain the value for the single oscillator. A

I _2 determination t the noise of each oscillator can be
5f M 2 [rad /Hz] (14) made if one has three oscillators that can be measured

rms in all pair combinations.
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Spectral Density of Anlitude Pluctuations J(f) in decibels relative to 1 Rz -

The spectral density (S 6 €(f)) of the amplitude (Noise Power Level)/(Carrier Power Level) in d3
fluctuations of a signal follows the same general de-
rivation previously given for the spectral density of -6 dB + 2.5 dB - 10 log(B) - 3 dB [dlc/Hz] (21)
phase fluctuations .

The noise power is measured relative to the carrier
When two signals are slightly different in fre- power level and the remaining terms of the equation

quency, a slow, almost sinusoldal beat is produced at represent corrections that must be applied due to the
the mixer output and the peak-to-peak voltage swing is type measurement and the characteristics of the mes-
defined as (Vptp). urem-nt equipment as follows.

If the two signals are now tuned to colinear
phase (0 or 180

° 
phase angle difference), the mixer o The basic measurement of noise sidebands with the

output is a fluctuating voltage centered on Vt__/2 signals in phase quadrature requires the -6 dB cor-
volts. There is no requirement that the output fluc- rection as explained after Equation (17).
tuations be small compared to Vpto/

2
. In order to o The nonlinearity of the spectrum analyzer logarith-

obtain linearity in the measuremehts of AN, and to mic IF amplifier results in compression of the noise
make the measurement sensitive to the test oscillator peaks which, when average detected, require the
only, the reference signal into the balanced mixer +2.5 dB correction for the HP 3571A Tracking Spec-
should be at least 10 dB greater than the test oscil- trum Analyzer.
lator signal input to the mixers.

o The bandwidth correction is required because the
spectrum analyzer measurements of random noise are

tional amplitude fluctuation sidebands of a signal is a function of the particular bandwidth used in the
called Script "lf). It is defined to be the ratio
of the spectral density of one amplitude modulation
sideband to the total signal power, at Fourier fre- o The -3 dB correction is required since this is a
quency difference f from the signal's average frequency measurement of A(f) using two oscillators, assuming
vo, for a single specified signal or device. The that the oscillators are of a similar type and that
dimensionality is per hertz. Because here f is a the noise contribution is the same for each oscil-
frequency difference, the range of f is from minus vo lator. If one oscillator is sufficiertly superior
to plus infinity. Script A.f) and Script If) are to the other, this correction is not used.
similar functions; the former is a measure of phase The Calibration and Measurement Sequence
modulation (PM) sidebands, the latter is a corres-
ponding measure of amplitude modulation (AM) sidebands.
We introduce the symbol Script W(f) in order to have The mixer is driven with the maximum power that

useful terminology for the important concept of nor- will result in a 50 ohm output impedance of the mixer.

malized AN sideband power. We used equal power inputs to the mixer when maximum
noise floor was required. However, most sources were

For the types of signals under consideration, by measured with a reference power of about 12 mw and a
definition the two amplitude fluctuation sidebande signal power level between l and 3 me.
(lower sideband and upper sideband, at -f and +f from
vo, respectively) of a signal are coherent with iach 1. Measure the noise power bandwidth for each IF

other. They are of equal intensity also. The opera- bandwidth setting on the Tracking Spectrum

tion of the mixer when it is driven at colinear phase Analyzer.

is such that the amplitudes of the two AM sidebands 2. Obtain a carrier power reference level (referenced
add linearly in the output of the mixer, resulting in to the output of the mixer).
four times as much power in the output as would be
present if only one of the AM sidebands were allowed 3. Adjust for phase quadrature of the two signals

to contribute to the output of the mixer. It has been applied to the mixer.

shown that iUf) is related to the sectral density of
the amplitude fluctuations Sa,(f) byy 4. Noise power is measured at the selected Fourier

frequencies, the calculations are performed, and the

"(f) - (1/2V2) S M (19) data is plotted (or stored) using calculator and
0 6program control (fully automated).

where Vo is the average (nominal) amplitude also of 5. Measure and plot the system noise floor characteris-

the signal. tics if desired.

'M f) - 2(dv (one unit)/V )2 . (f)/4 V 2 (20) Measurement of Noise Power Bandwidth - The precise
pt P rms IF noise power bandwidth of the Tracking Spectrum Ana-

lyzer must be known when performing phase noise mea-
Automated Phase Noise Measurement System surements. The basic automated measurement is as

follows:
The TRW Metrology automated phase noise measure-

ment system is shown in Figure 3. It is program con- a) A tee junction is inserted at the HP 3330B synthe-
trolled by the Hewlett-Packard 9830 Programmable Cal- sizer 1-1gz output and the 1-Mz signal is applied
culator. Each step of the calibration and measurement to the input of the HP 3571A Tracking Spectrum
sequence is included in the program. The software Analyzer.
program controls frequency selection, bandwidth set-
tings, settling time, amplitude ranging, measurements, b) The calculator controls the synthesizer for the de-

calculations, graphics, and data plotting. The system sired incremental changes in frequency. The power
will be described as it is used to obtain a direct output is recorded for each frequency setting over

plot of Script jt(f). The direct measurement of A(f) the range indicated in Figure 4. The range of
is represented by the following equation. measurements is illustrated for equal dB values on

each side of the 1-MHz center frequency. One should
choose points greater than 40 dB below the carrier.
We use 100 increments in frequency. Our experience
has indicated that the 40 dB level and the 100
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increments in frequency are not the absolute mini- The phase-lock loop is an electronic servomechanism
mum permissible values, that acts to null out any phase error between the

c) The above recorded data is plotted for each IF band- two inputs to the mixer (phase detector), The
in Figure 4. The noise power time constant of the loop can be adjusted as neededwidth as illustrated ase by varying amplifier gain and RC filtering within

bandwidth is calculated as, the loop.
bdwidth(P + P'2 + P3 + ---P1 o0 )Af

Noise bandwidth - Peak Power Reading [Hz] (22) A loose phase-lock loop in characterized by:

where Af is the frequency increment (Hz) and the peak o The correction voltage varies as phase (in theshort term) end phase variations are therefore
power is the maximum measured point obtained during observed directly.

the measurements. All power values are in watts.

o The bandwidth of the servo response is small

Setting Carrier Power Reference Level - Essen- compared to the Fourier frequency to be measured.
tially, the carrier reference power level is estab-
lished at the output of the low-pass filter in Figure 3 o The response time is very slow.

as follows: The tight phase-lock loop is characterized by:

a) The precision IF step attenuator is set to a high
value to prevent overloading the spectrum analyzer o The correction voltage of the servo loop varies

(assume 50 dB as our example). as frequency.

b) Approximately equal power is applied to the inputs o The bandwidth of the servo response is rela-

of the mixer as required to obtain the 50 ohm out- tively large.

put impedance of the mixer in our 50 ohm system. o The response time is much smaller than the
Special techniques are required to obtain the cor- smallest time interval (T) at which measurements
rect impedance when lower impedance is involved. are performed.

c) If the frequency of ane of the oscillators can be
adjusted, adjust its frequency for an IF output NOTE: Throughout the measurement process one

frequency in the range of 10 to 20 kHz. should check and maintain phase quad-
rature.

If neither oscillator is adjustable, replace the
oscillator under test with one that can be adjusted Measurements, Calculations, and Data Plots
as required and that can be set to the Identical
pwer level of the oscillator under test. The measurement sequence is automated except for

d) The resulting IF power level is measured by the the case where manual adjustments are required to

spectrum analyzer and the measured value is cor- maintain phase quadrature of the signals.

rected for the attenuator setting which was assumed Automated measurements are executed after phase
to be 50 dB. The correction is necessary since quadrature is obtained and the Precision IF Step
this attenuator will be set to its Zero dB indica- Attenuator is set to its Zero dB indication.
tion during the measurements of noise power. Assu-minga sectrm aalyzr radin of-40 ~mtheAs an example, our previous assumptions resultedming a spectrum analyzer reading of -40 dflm, the in a carrier power level of +10 dBm. Assume that the

carrier power reference level is calculated as, specar alyer mesures -10 dfm with a 1 h e
spectrum analyzer measures -106 dBm with a 10 Hz

Carrier reference power level = bandwidth setting at a particular Fourier frequency.
The value of spectral density which will be plotted

50 dB - 40 dBm - 10 dBm (23) or stored is calculated as,

Phase Quadrature Adjustment - After the carrier je(f) in decibels relative to 1 Hz-
power reference has been established, the oscillator [-106 dBm - 10 dBm - 6 dB + 2.5 dB
under test and the reference oscillator are tuned to
the same frequency and the original reference levels
that were used during calibration are re-established.
The quadrature adjustment depends upon the type of
system used. Three possibilities are illustrated in s e ta th e t o is unr s e ii ad
Figure 3. sumed that the two unite under test are similar and

produce the same amount of noise.

a) If the oscillators are very stable, have high re- In this example, the value of the spectral density
solution tuning. and are not phase-locked, the of phase fluctuations in dB relative to one square
frequency of one oscillator is adjusted for zero dc radian per hertz is calculated as,
voltage output of the mixer as indicated by the 2
sensitive oscilloscope. S8,(f) in dB(rad /Hz) =

b) If the commn reference frequency is used, as illus- 2
trated in Figure 3, then it is necessary to include -132.5 dBc/Hz + 3 dW(rad

2
) -

a phase shifter in the line between one of the 2
oscillators and the mixer (preferably between the -129,5 dE(rad2/Hz) (25)
attenuator and mixer). The phase shifter is adjus- If one desires to plot the spectral density of
ted to obtain zero dc output of the mixer. I n eie opo h pcrldniyo

frequency fluctuations, it is necessary to recall that

c) If one oscillator is phase-locked using a phase- 2
lock loop as shown dotted in on Figure 3, the fre- S(f) in dB(red /Hz)
quency of the unit under test is adjusted for zero 2
dc output of the mixer as indicated on the oscil- 10 log S68(f) [dB(rad /Hz)] (26)
loscope.

351



and that the spectral density of frequency fluctua- 200 Hz.
tions is

2 2 6. The 60 Hz line frequency interference appears
S f = S(f) [Hz /Hz] (27) smaller than the actual amplitude if the noise

corrections are applied as set forth in the noise

measurement program. The corrections for the log
System Noise Floor Verification amplifier and detection, bandwidth, and equal

oscillator contribution should be removed for a
A plot of the noise floor is obtained by repea- plot of discrete frequencies.

ting the automated measurements with Attenuator No. 1
set to maximum or by disconnecting the unit under test 7. Amplitude auto-ranging is used in the program to
and terminating the input of the mixer with a matched select the most sensitive range that does not
load. result in overload conditions.

We use the following equation to correct for The low-pass filter prevents local oscillator
noise floor. leakage power from overloading the spectrum analyzer

-= when baseband measurements are performed at the Fourier
1(f) (corrected) in decibels relative to I Hz (offset) frequencies of interest. Leakage signals will

- interfere with autoranging and the dynamic range of the

j(f) + f) Pnoise floor [dBc/Hz] (28) spectrum analyzer.

P The low-noise high-gain preamplifier provides
additional system sensitivity by amplifying the noise

If adequate calculator memory is available, a signals to be measured. Also, since spectrum analyzers
set of measurements of the oscillator plus floor can usually have high values of noise figure, this amp-
be performed at selected Fourier frequencies and lifier is highly desirable. As an example, if the
stored. The calculations of corrections can be made high-gain preamplifier had a noise figure of 3 dB and
when the noise floor is measured. the spectrum analyzer had a noise figure of 18 dB, the

The correction for noise floor can also be ob- system sensitivity at this point has been improved by
tained at an earlier point in the program at Equation 15 dB. The overall system sensitivity would not neces-
(13). Measurement of S6v(f) of the oscillator plus sarily be improved 15 dB in all cases because the
floor is obtained then S6v(f) is obtained for the noise limiting sensitivity could have been imposed by a noisy
noise floor only. Then, mixer.

S MFigure 5 illustrates the type of plot obtained
v orrected using our program and the two-oscillator measurement

system. Each plot is the Normalized Phase Noise Side-
o I band Power Spectral Density in dBc/Hz. However, any

Sv c S v 2  
defined spectral density can be plotted as illustrated

6 v 1 o s c . + l o v I l o V 2 / H z ] 2 9 b y F i g u r e .

Basics of the TRW Metrology Automated Figure 5a measurements were performed on two
Phas Noie Masurmen ProramF.E.I. Model 1050A Disciplined Time Frequency Standards.

The sample plots beneath the continuous vlot are the

1. The HP 3330B Synthesizer serves as the local oscil- noise floor.

lator for the HP 3571A Tracking Spectrum Analyzer. Figure 5b characteristics of the Austron 1120 S
The calculator program controls the switching of Oscillator were obtained using the Austron 1125 S

the synthesizer to the desired Fourier frequencies. Multiplier to enhance the noise by 13.98 dB. Direct
measurement at 5 MHz was slightly beyond the system

2. The Fourier frequency increments are chosen to be capability. Direct measurement may be possible by
equal to the selected IF noise bandwidth in order incorporating a high level mixer in our system.
to obtain a continuous spectrum plot. Figure 5c represents the characteristics of a

3. The minimum delay time for a measurement is deter- Hewlett-Packard Model 105B Quartz Oscillator. The
mined by the IF filter build-up in the spectrum F.E.I. DTF Standard was used as the ref-rence. The
analyzer. The range is from 2.5 seconds for the lowest plot is for the HP 105B and the upper plot ilus-
3-Hz bandwidth, decreasing to 70 milliseconds for trates increase in phase noise when the signal was
the 10-kHz bandwidth setting. amplified using a Hewlett-Packard 5087A Distribution

4. Video smoothing is used in order to obtain a better Amplifier.

approximation of the mean. The program can be de- Figure 5d is the phase noise plot obtained using
signed so that a large number of measurements can two identical 250 11Hz Surface Acoustic Wave (SAW)
be taken for better estimation of the mean value. Oscillators developed at TRW. The roll-off in the
From statistical theory the confidence in an range from 10 Hz out to about 200 Hz was due to inade-
average is improved by the square root of the quate isolation between the two oscillators. The
number of samples. slight injection locking was also noted when fine tun-

5. The IF bandwidth settings for the Fourier (offset) ing one oscillator. This illustrates a problem of
measuring in close to the carrier since the effective

frequency range selections are as follows: locking loop bandwidth will depend upon the isolation

IF IF Fourier of the oscillators.
Bandwidth Fourier Bandwidth Frequency Figure 5e shows measurements performed on two HP

(Hz) Frequency (kHz) (kHz) 8660C Synthesizers, at 5 MHz. The reference oscillator

3 10 - 400 Hz 1 40 - 100 of ome was locked to the reference oscillator in the
10 400 Hz - 1 kHz 3 100 - 400 other unit. Therefore, the phase noise plot does not
30 1 - 4 kHz 10 400 - 13 MHz slope upward from about 500 H: to 10 H: on the plot.

100 4 - 10 kHz The slope upward was verified using the single-oscil-
200 10 - 40 kHz lator measurement technique which will be discussed

Program running time is 27 minutes when using 100 ma- later. The phase noise reduction by the phase-lock

surements at each Fourier measurement frequency out to loop of the synthesizer is shown and one notes where
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the loop bandwidth ends and where the characteristics 0 Measure IF Noise Power Bandwidths
of the source oscillator are being measured. The IF noise power bandwidth is measured for each

Figure 5f shows measurements performed on a Fluke IF bandwidth setting of the spectrum analyzer as
6160B Synthesizer with the F.E.I. 7507A-1 Frequency set forth in a previous section of this paper.
Standard as the reference. The measurements were per-
formed at 100 MHz. The characteristics discussed pre- o Establish System Power Levels
viously are now shown. The top plot at the lower
Fourier frequencies was obtained with the oscillator The oscillator under test is connected and Atten-

"free-running". The lower plot was performed when uators 1, 2, and 3 are used to set the equal power

the reference oscillator of the synthesizer was phase- levels at the mixer inputs. The inputs were from

locked to the F.E.I. Frequency Standard Reference +7 to +10 dm for the particular mixer used in

Oscillator. our system.

o Quadrature Adjustment
Phase Noise Measurements Using The phase shifter is adjusted for Zero volts DC at
Delay Line FM Discriminators the output of the mixer as indicated on the oscil-

loscope connected as shown. This establishes the
Frequency fluctuations are measured directly quadrature condition for the two inputs to the

using FM discriminator techniques (References 5, 6, and mixer. This quadrature condition is continuosly
7). One of the important advantages of this type sys- monitored and is adjusted if necessary.
tem is that the phase noise characteristics of a single
oscillator can be measured without the requirement of 0 Discriminator Calibration

a similar or better source as a reference. The calibration factor of the discriminator should

The delay line yields a phase shift by the time be established at selected Fourier frequencies over

the signal arrives at the balanced mixer. The phase the range of measurements. If the calibration fac-

shift depends upon the instantaneous frequency of tar is not constant, appropriate measured values

the signal. The presence of frequency modulation (FM) should be used in the automated measurement program.

on the signal gives rise to differential phase modula- The measurement and calibration will be described

tion (PM) at the output of the differential delay and in terms of a 20 kHz modulation frequency.

its associated (non-delay) reference line. This rela- The calibration factor is defined as:
tionship is linear if the delay (Td) is non-dispersive.
This is the property which allows the delay line to be CF - Av /V [Hz/V] (30)
used as an FM discriminator. In general, the conver- rms rms
sion factors are a function of the delay (Td) and the
Fourier frequency (f) but not the carrier frequency. Where AVe is the rms frequency deviation of the

The delay of the transmission line and variable length carrier sue to the intentional modulation and Vrms
airline as a function of phase noise measurement at is the spectrum analyzer voltage measurement of the

various offset frequencies will be discussed later, modulation sideband.

However, the maximum sensitivity of the transmission = AVp 1r2 -
line discriminator depends upon the attenuation value rms peak
of the delay line at the carrier frequency.

5 ,7

For maximum sensitivity, the optimum length of the m (fm)/V2 [Hz) (31)
delay line for the system shown in Figure 6 occurs m

when the total attenuation is approximately one neper The calibration factor of the discriminator is
(one neper = 8.686 dB). It represents the one-way caliratd at:

loss of the delay line in Figure 6a and the round-trip calculated as:

loss of the delay line shown in Figure 6b. The optimum CF - m )
delay line length is determined at a particular selec- C fm Vrms
table carrier frequency. However, since the attenua-
tion varies slowly (approximately proportional to the The calibration factor of this system has been
square root of frequency), this characteristic allows found to be constant to about 400 kHz which was the
near optimum operation over a considerable frequency limit due to resolution in setting the carrier null.
range without appreciable degradation in the measure-

ments.The calibration factor is established as follows:merits.•

General Theory a) Replace the oscillator under test with a signal
generator or oscillator that can be frequency

The measurement system is shown in Figure 6. Two modulated.

delay line configurations are illustrated. The signals The power output and operating frequency of the
experience the one-way delay of the delay line in generator must be set to the same precise fre-
Figure 6a. 5, 6 The FM discriminator of Figure 6b is quency and amplitude values as the oscillator
a reflective type used by Ashley et al

7 
and it is noted under test.

that the signals experience the round-trip and resul-
tant two-way los in the delay line. b) Select a modulation frequency of 20 kHz and

increase the modulation until the carrier is re-
With adequate drive power we have not limited the duced to the first Bessel null of the carrier

delay line in this system to one neper. Delay lines as indicated on the spectrum analyzer connected
with attenuation greater than 11 dB were used in some to Coupler No. 1. One can choose any other
of our measurements. The resulting noise floor was convenient setting that will produce a known

more than 10 dB below the measured values of phase modulation index (m).
noise. c) Tune the HP 3571A Tracking Spectrum Analyzer to

The calculator program performs the same functions the modulation sideband frequency (20 kHz).
as outlined for the measurement system of Figure 3. Maintain the phase quadrature of the two signals

The system calibration and measurement procedure applied to the balanced mixer.

is outlined as follows: d) The Tracking Spectrum Analyzer is now display-
ing a power reading that corresponds to the
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d) modulation frequency. This reading must be S M(f) - S 2 21Hz] (39)
corrected for the dB setting of Attenuator 64 v9)rad

No. 4 in order to calculate the calibration
factor of the discriminator. Attenuator No. The normalized phase noise sideband power spectral
4 will be set to Zero dB reference indication density is calculated as,
during the measurements of Fourier frequency 2
noise power. This results in an increase of Je(f) . 1/2 rad

2
) S (f) [Hz

1I
] (40)

sideband power at the mixer which must be

accolted for in the calculation of the Script j(f) expressed in decibels relative to
calibration factor. 1 Hz

-I 
is plotted in real time in our program.

As an example, if the attenuator was set to However, the data can be stored and the desired
50 dB as proposed. and the spectrum analyzer spectral density can be plotted in other forms.
reading of baseband power is -35 dBm, the
corrected power is then Noise Floor Measurements

P (dBm) - 50 dB - 35 dBm - +15 dBm (33) The system noise floor can be plotted by set-
ting Attenuator No. 3 to maximum and repeating the

e) The discriminator calibration factor can now automated measurements. We increase the LO power
be calculated, since this power in dBm can be to obtain essentially the same mxer output impe-
converted to the corresponding rms voltage dance which exists when both signals are applied.
using the following equation. When using the 12 mw and 3 mw levels, there is

IPJdlino difference in the noise floor with and without
Vrm s - 10P(dBm)//1000 x R [VI (34) the 3 ms signal. However, in systems which require

different impedance levels, it is necessary that

where R is 50 onms in this system, the total input power (Signal and LO) be adjusted
to produce the required mixer output impedance.

f) The discriminator calibration factor is cal- This will require a method of measuring the mixer

culated a, output impedance and re-establishing the particu-
lar value when measuring the noise floor. In the

CF - m f /V'2 V calculation process in the program, the rms vol-
m rms tage corresponding to the noise floor is desig-

nated 6V2 r"

- 2.405 - f /' V___ V 35 ae 6 rs
m/ Vrs" [Hz/V] (35) In our program the noise floor is checked

only at selected Fourier frequencies over the
since 2.405 is the modulation index (m) for range of measurement.
the first Bessel carrier null as used in this
technique. The modulation frequency is f . A correction for the noise floor requires a

m measurement of the -ms voltage of the oscillator
and floor 6vlrm, and a measurement of the noise

Measurement and Data Plotting floor rms voltage 62rms. These voltages are used
in the following equation to obtain the corrected

a) Connect the unit under test in place of the value.
modulated signal generator and readjust quad-
rature at the signals if necessary. Vrms - (6v rms)- (dV2r)2 [V] (41)

b) Set Attenuator No. 4 to its Zero dB indica-
tion. The corrected value 6vrms is then used in the

The measurements, calculations, and data plotting calculation of frequency fluctuations. If adequate

are completely automated. The calculator program memory is available, each value of Svlrms can be

selects the Fourier frequency, auto-ranging is stored and used after the other set of measurements

performed, bandwidth is set, and measurements of is performed at the same Fourier frequencies.

Fourier frequency power are performed by the Figure 6b illus rates the FM discriminator
tracking spectrum analyzer. used by Ashley et al'. The circulator, double

stub tuner, delay line and adjustable length air-
Each Fourier frequency noise power reading Pn line form the FM discriminator. The double stub
(dBm) is converted to the corresponding rm vol-
tage designated as Vl . tuner and adjustable line are used to null out the

tage dscarrier.

dv o1 (P(d) + 2.5)/10 The carrier nulling procedure makes the dis-
ira 1000 x R [V] (36) criminator relatively immune to incidental AM on

the signal being tested. The system is not res-
the rma frequency fluctuations are calculated as, tricted by burrout characteristics of the crystals

in the mixer.

too Irvjma F (H) ( The quadrature adjustment differs from the
system of Figure 6a which uses the one-way length

The spectral density of frequency fluctuations is of the delay line. During the calibration process
calculated as, the phase shifter is adjusted for maximum output

2 2 indication on the Tracking Spectrum Analyzer at
S v(f) - (VrM ) /B [Hz2/Hz) (38) the 20 kHz modulation frequency. This sets thephase quadrature of the two signals applied to the

where B is the measured IF noise power bandwidth balanced mixer.

of the spectrum analyzer. The phase noise plots of Figure 7 were obtain-

The spectral density of phase fluctuations is ed with the TRW Metrolgoy program and the measure-

calculated as, ment system shown in Figure 6a. The phase noise
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7M

plot follows the power law process to about 700 If the frequency deviation is given in terms of
kHz. Beyond this point the delay line discrimina- its rms value then,
tor is not calibrated. A plot of S~v(f) has nulls
at every multiple of fd' where fd is the Fourier Av - Av //2, (7)
frequency corresponding to 1/td, and td is the rms o
total differential delay of the FM discriminator.

5  
Equation 6 now becomes

Figure 7a measurements were performed using
two different delay lines. The delay line used in V sb/V 0 = 20 log(AvME/1- fm

)

measurements of the 600 MHz fundamental frequency I&
was about 500 ns as indicated by the first null at
about 2 MHz. The delay line used in the measure- - 10 log (Avrms/2 fm) (8)
ments of the 2.4 CHz (multiplied output) had
about 250 ns delay as indicated by the first null
at about 4 MHz. Note that the theoritical enhance- The ratio of single sideband to carrier power in
ment and measured data agree within the resolution dBc/Hz is,

o(f) 20 log/-rmsr  1 3 dB [dBc/Hz] (9)

APPENDIX A Mi
andrms

Basic Modulation Theory and Spectral Density Iad [ 2/

Applying a sinusoidal frequency modulation (fm) l J [

to a sinusoidal carrier frequency (vo) produces a wave 2
that is sinusoidally advanced and retarded in phase as i.e., in decibels relative to 1 rad /Hz.
a function of time. The instantaneous voltage is ex-
pressed as, The interrelationships of modulation index, peak

frequency deviation, rms frequency deviation and spec-
V(t) V Sin (27v t + A4 Sin 2irf t] (I) tral density of phase fluctuations can be found fromo o m2

where A# is the peak phase deviation caused by the rm [i .o 2
modulation signal. = f "[m fmJ

j L m
The first term inside the brackets represents the

linearly progressing phase of the carrier. The second
term is the phase variation (advancing and retarded) or 10 (f/ (f)/2 (11)
from the linearly progressing wave.

The effects of modulation can be expressed as
residual FM noise in which modulation by a single sinu- m AV rms 1(f)/)
soidal signal produces a peak frequency deviation of - 10 .ISO(f)/2 (12)

the carrier (v,). m

AV° = - f m (2) End Avo 2Avrms 2  
( )/ 0

A4 Av/fm  (peak) (3) fm %2fm

This ratio of peak frequency deviation to modula- -- 2 1SOOM2 (13)

tion frequency is called modulation index (m) so that
A# - m and The basic relationships are plotted in Figure 1.

m - AV /f (4) Discussion
0 in

Identical phase noise plots were obtained using.
The frequency spectrum of the modulated carrier the two discriminator systems. Measurements performed

contains frequency components (side-bands) other than with the single-oscillator technique and the two-oscil-
the carrier. For small values of modulation index lator technique agree over the range out to about 40
(m<<l), as is the case with random phase noise, only percent of the Fourier frequency of the first Pull of
the carrier and first upper and lower sidebands are the plot obtained with the single-oscillator (FM dis-significantly high in energy. criminator) system. The FM discriminator is uncalib-

The effects of modulation can also be expressed rated beyond the described 40 percent area as indicated
as single sideband phase noise in which the peak phase in Figure 7.

deviation is A# - m. The ratio of the amplitude of When using the two-oscillator technique accurate
either sideband (single sideband) to the amplitude of measurements close to the carrier can be limited depen-
the carrier, Vo is: ding upon the isolation between the two sources. This

VbVo. - m/2 was clearly indicated in the data plots of Figure 5.
eb 0 In order to obtain the lowest noise floor, the

mixers used in these systems were driven with equal
This ratio i. expressed in dB and referred to as signals to the RF and LO ports. The nominal IF output

dB below the carrier for the given bandwidth, impedance of the mixers was 50 ohms and we did not ex-

Vb perience system sensitivity problems with a broad range
ob 20 log(m/2) - 20 lo8(AVo/2fm) of total input power to the mixer. Mismatch problems

V0 Id 2 0( a were not critical when the mixers were driven for IF

- 10 log[ ] - 10 log(AV/2f) [dc/B] (6) output impedance values in the range of 30 to 70 ohms.
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If the mixer IF output impedance is driven to a 2. Shoaf, John H., Halford, D., and Risley,
low value for use -with an amplifier such as the Ortec "Frequency Stability Specifications and Measure-
9431, which has a high input impedance, the total in- ment", NBS Technical Note 632, January 1973.
put power to the mixer can become critical when one 3c
desires optimum measurement results. In this case the 3. Hewlett-Packard Application Note 207, "Under-

mixer is driven just short of burnout of the diodes standing and Measuring Phase Noise in the Fre-
A special impdeance monitoring circuit may be required quency Domain", October 1976.

in this particular type application. 4. Halford, Donald, Shoaf, John H., and Risley, A.S.,

Dr. J. Robert Ashley and Gustaf J. Past, Jr.,7 "Frequency Domain Specification and Measurement
performed measurements on a 250 MHz TRW Surface Acous- of Signal Stability", Proc. Annual Symposium on
tic Wave Oscillator using their system at Redstone Frequency Control at Cherry Hill, New Jersey, 1973
Arsenal. The measurements agreed within one dB 5. NBS Notebook, F 10, Pages 19-38, Dr. Donald
with measurements performed with the three systems Halford's notes on "The Delay Line Discriminator",
described in this paper. April 1975.

Measurements performed using the Hewlett-Packard 6. Tykulsky, Alexander, "Spectral Measurements of
program in Application Note AN 2073 fell precisely on Oscillators", Proc. IEEE, Vol 54, No. 2, Feb. 1966
the continuous plot obtained with the TRW Metrology
program. The measurements were performed in TRW Met- 7. Ashley J. R., Barley, T. A., and Rast, G. J.,
rology by Chuck Reynolds of Hewlett-Packard, Loveland The Measurement of Noise in Microwave Trans-Division. mitters", IEEE Trans. on Microwave Theory and

Techniques, Special Issue on Low Noise Technology,
Joe Oliverio of the Hewlett-Packard Company per- April 1977.

formed phase noise measurements in TRW Metrology ustng - , _ -
the HP 5420 Digital Signal Analyzer wich measures 4-0 _0 10.74

over the frequency range from sub-millihertz to 25 kHz. [ a
The measurements were also in precise agreement with " i',, wP. *m r0# 7
measurements performed using our program. a . .8 .". *-

Holly Cole of the Hewlett-Packa.:d Company perfor- -. 11.,-10 -
med verification measurements out to a few hundred
hertz using the HP 5390A Frequency Stability Analyzer 13- %. 4.0,16

4  
10 .11

which performs measurements in the time domain and N tN c 4 1r,-0 -
the data is transformed into the frequency domain. ""

We have performed phase noise anc. .,M noise mea- .3n- - -- ,e.49. 0
"  

10' .3
surements on Impatt and Gunn oscillator- at 34 GHz. 1 ,.42,o-7 ,-@ .
The measurement technique requires two sources. The -HOtrs(r#-A
two sources are applieA to a balanced mixer and are .1 a. 4. 0 *i 0

-
1

offset to obtain difference frequency in the range 4%,_ I (V ).42 1O 0

of the single-oscillator (FM delay line discriminator) .1 T "M
measurement system. Measurements are performed using .. n I@-, I
the system in Figure 6 as described in this presen-
tation. FIGURE 1. RELATIVE SCALE PLOTS OF SPECTRAL DENSITIES.
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CURRENT DEVELOPMENTS IN SAW OSCILLATOR STABILITY*

T. E. Parker

Raytheon Research Division
Waltham, Massachusetts

Abstract oscillators with aging rates as low as +0.25 ppm/month.
Aging data for a number of oscillators is presented.

The surface acoustic wave (SAW) controlled os-
cillator has been the subject of considerable research Medium-term stability (temperature dependence)
over the past few years and a significant improve- has not seen significant improvement over previously
ment in the understanding and Derformance of SAW reported results; therefore only a brief review is pre-
oscillators has been achieved. The frequency stabil- sented.
ity of an oscillator is a key parameter and will be dis-
cussed in three regimes: (1) short-term stability - In the following discussion all results were ob-
noise, (2) medium-term stability - temperature tained with two port delay lines and resonators used
effects, and (3) long-term stability - aging. in a simple feedback oscillator as shown in Fig. 1.

The equations for calculating the FM noise for Short-Term Stability - FM Noise
both resonator and delay line oscillators will be
reviewed. For both the resonator and delay line, the The feedback oscillator in Fig. 1 inherently
material propagation loss ultimately limits the noise operates with the amplifier in a saturated condition
characteristics of the SAW device. Theoretical limits and therefore the AM noise is suppressed. Conse-
are discussed and it is shown that an ideal delay line quently, the dominant noise is FM. A convenient way
oscillator (SAW insertion loss is due only to propa- of expressing FM noise is the single-sideband noise
gation loss) has a lower close in noise level than an power spectrum. Equation 1 is based on an exores-
ideal resonator by about 3 dB. However, an ideal sion by Leeson 1 and gives the FM single-sideband noise
delay line is extremely difficult to implement, and in power relative to the carrier in a I Hz bandwidth as a
practice a resonator oscillator will almost always function of the offset or modulation frequency, Aw.
give a better noise performance. Results of FM
noise measurements on resonators and delay line
type oscillators are presented. Though resonator
oscillators have better noise performance, the delay ( P5 8  IN

2GFKTV " (I)
line oscillator is sometimes attractive because of its 0LOg - (

larger tuning range relative to its delay time. d~c

Although research on new SAW materials is
continuing, no significant advances in SAW oscillator where N = multiplication factor
temperature stability have been made. A quick re-
view of the temperature dependence of ST-cut quartz G = amplifier gain m SAW insertion loss
and the SIO2 /LiTaO 3 structure is presented. KT = thermal energy

Aging has been a major problem with SAW con- F = amplifier noise figure
trolled oscillators, with aging rates on the order of P = oscillator power at amplifier output
-1 to -10 ppm/month having been reported. These c
rates were observed, however, on devices which = phase slope (group delay) of SAW
were packaged in a relatively crude manner using device
RTV mounting. Recent results using no organics and = flicker frequency
high-vacuum sealing have shown positive aging rates a
as low as +0.25 ppm/month. &lw = offset or modulation frequency

Introduction Equation 1 is not an exact expression, but gives only
the basic characteristics of the noise power spectrum.

Over the last few years there has been consid- There is some disagreement in the literature 1, 2, 3
erable improvement in SAW oscillator stability and over a factor of two which may appear in the term in
increased understanding of the phenomena which af- the left hand parenthesis but Eq. I has been found to
fect frequency stability. The use of SAW resonators be accurate to within a few dB in most cases. The
has given improved short-term stability (noise) and right-hand term of the three terms enclosed in the
equations will be presented for calculating FM noise right-hand parenthesis represents the thermal floor
for both resonators and delay lines. From these which is independent of modulation frequency. As one
equations the best design for optimum noise perform- would expect, this level depends on the amplifier gain
ances can be determined. Phase noise measurements and noise figure as well as KT and the carrier power
for both delay lines and resonators will be presented. Pc. If multiplication is used, this also affects the

thermal floor by making N larger than one. The mid-
Improvements in long-term stability (aging) dle-term includes the effect of the group delay or phase

have also occurred, largely due to better packaging slope in the noise power spectrum, and results from a
techniques. Cleaning and sealing techniques similar frequency modulation of the oscillator caused by phase
to those used with bulk wave resonators have produced noise at the amplifier input. Below some frequency,

* Work co-sponsored by National Aeronautics and Space Administration, Goddard Space Flight Center, Contract

No. NAS5-23 7 01.
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wa, the phase noise begins to increase as l/Aw and optimum delay of delay lines, as shown above, and it
this is the flicker noise contribution represented by has a similar effect on resonators because it limits
the left-hand term. This results in a further increase the unloaded Q, Qu, which is equivalent to the mater-
in the spectrum slope to 30 dB/decade. It has been ial Q of reference 4. Acoustic propagation loss in-
assumed in Eq. I that 46 < 1/T. creases 5 as w2 and the resulting optimum delay (or

phase slope) as a function of oscillator frequency is
From Eq. 1 it is evident that several steps can shown in Fig. 2 for delay lines and resonators on ST

be taken to minimize the noise in an oscillator. Spe- cut quartz. Obtaining the optimum delay with a delay
cifically, G, F, and N should be minimized and can line requires only that the device have the proper
be controlled to some extent by SAW design and the length, though this can be a problem at low frequen-
choice of amplifiers. Also, Pc should be made as cies where the length gets very large. For a resona-
large as possible. wa is not a design parameter but tor, losses in the grating must be minimized so that
generally is affected by fabrication techniques in both the unloaded Q is close to the material limit. At this
the SAW device and amplifiers. It is desirable that point the device is then matched to give a loaded Q
wa be as small as possible, but the value of wo is not equal to QU/2 and an insertion loss of 6 dB.
a design variable and is generally not predictable. To
further reduce the close-in noise, T should be maxi- It is interesting to note that for an ideal delay
mized, but Tcannot be increased without limit since line (that is, a delay line in which there are no trans-
this will increase the SAW insertion loss and therefore ducer losses and the net insertion loss is due only to
require a larger G. The value of T which gives the propagation loss), the close-in noise level is about
lowest close-in noise level can be determined from 3 dB lower than that of a perfect resonator. However,
Eq. 1, but the value is different for delay lines and an ideal delay line is very difficult to implement and
resonators. generally a SAW resonator will give better noise per-

formance than a typical delay line.
For a delay line the insertion loss (in dB) in-

creases linearly with Tand it is easy to show that the One advantage that the delay line does have, how-
close-in noise level, NFM, is proportional to ever, is that it is inherently more wideband than the

resonator. The 3 dB bandwidth of a single-mode delay
InI0 CT line is about three times larger than a resonator with

NF ethe same group delay. Also the group delay of the de-
FM a' lay line is essentially constant over this bandwidth,72 whereas the resonator group delay decreases as it is

tuned off resonance. The delay line is also easily
where a is the surface wave propagation loss in dB/ adapted to multi-mode operation and oscillators with a
psec and T is the group delay in psec. Differentiating percent or more tunability have been demonstrated
this relation and setting it to zero gives the result which have very respectable noise characteristics.
that the optimum value of 7 is Generally, it can be concluded that for very nar-

8.69 row-band, or fixed-frequency applications, the resona-
7.- tor-type oscillator will give the best noise performance.

opt a For applications where tunability and linearity are im-
portant, the delay-line-type oscillator may give the

which gives an insertion loss (due only to propagation best performance.
loss) of 8.69 dB.

To illustrate typical noise characteristics of
For a resonator the insertion loss is a function SAW oscillators, measurements have been made on a

of the loading, or matching, and is given by 401 -MHz delay line and a 310-MHz resonator. Figure
3 shows measured and calculated single-sideband FI

\2 noise for these two oscillators and also lists the values
[.L. (dB) = 10 log of the various parameters. The flicker frequency,

(1 fa d a / 2, was determined from the experimental
I - QU data and used in the calculated curves. In both cases

the overall agreement is good. The dashed lines were
inserted in the resonator data to emphasize the 20 and

where QL and QU are the loaded and unloaded Q's. 30 dB/ decade slopes and to more clearly show how
Proceeding in the same manner as with the delay line the flicker frequency is determined by the intersection
it can be shown that for a resonator of the two slopes. The bump in the resonator noise

data at 300 Kilz is caused by secondary resonances in
QU the SAW device which are about 3 dB higher in inser-

Topt - tion loss than the main resonance. The secondary
resonances were intentionally designed into the SAW

which is equivalent to devi-e and :an be removed with a new design. The
noise level for the delay line oscillator drops below
theory for AlF > 100 Kllz because the theory does not
inc!ude the effect of destructive interference which

QL = _T caus rs the noise level to be suppressed 3 somewhat
at offset frequencies in the vicinity of 1/2 T. This

since for a resonator does not occur in the resonator because the amplitude
response of a resonator falls off more rapidly than

2Q, for a delay line.

- Another way of characterizing the frequency
stability of an oscillator is to plot the fractional fre-
quency stability as a function of measurement period,

where w is the oscillator frequency. The insertion T. Figure 4 shows results for the 401-MHz delay line
loss of a resonator tuned for optimum delay is 6 dB. as measured with a Hewlett-Packard 53,60A computing

counter. The solid line was calculated from the noise
Acoustic propagation loss directly affects the spectrum shown in Fig. 3. The increase in measured
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frequency deviation for T = 1 and 10 sec is probably these devices operated near 300 MHz but devices 2, 4,
due to residual frequency drift due to temperature and 5 were made with the Si0 2 / LiTaO3 structure.
changes. The other five were made on ST-cut quartz. Devices

6 and 7 had chrome-gold transducers while all the
Returning to Eq. 1, another factor which affects others had aluminum metallization. Device number 8

short-term stability is the amount of multiplication was the only resonator. Of the eight devices packaged
which is used. Using an oscillator with a high funda- with RTV, all aged downward in frequency. An accumu-
mental frequency can reduce the value of N, but, as lation of foreign material would cause the frequency to
shown in Fig. 2, this also reduces the optimum value decrease so it was postulated that organic components
of T. Since 7 decreases as w 2 , it is obvious that a from the RTV were condensing on the crystal surface.
high oscillator frequency does not result in improved
close-in noise. This is shown in Fig. 5, which gives To eliminate the use of RTV, it was decided to use
the calculated single-sideband FM noise at 100 Hz for gold wires to strap the crystal in place. By notching
a 10 GHz system as a function of the oscillator fre- the sides of the crystal and passing the straps through
quency. Results for both an ideal delay line and a the notches, the crystal could be held in place without
resonator are shown. In both cases flicker noise has subjecting it to large amounts of stress. Though this
not been included. The figure clearly shows that the mounting scheme is not as immune to vibration as that
lowest close-in noise is obtained if a low frequency using RTV, it involves no organics and can be made
oscillator is used with the necessary multiplication very clean. The technology of bulk wave resonator
needed to reach 10 GHz. However, two points should fabrication was applied wherever possible. After
be noted. First, the opposite relation holds for far- mounting in gold-plated flatpacks, the devices w re
out noise. The thermal floor is essentially independ- then placed in a high-vacuum chamber ( 2 X 10-5 torr)
ent of oscillator frequency, but does increase with and were baked at 2000 C for several hours. The final
the multiplication factor. Thus, good close-in per- sealing was done by heating the package to 310* C to
formance is obtained at the expense of increased far- melt a gold-tin preform. Devices 9, 10, 12, and 13
out noise. Second, there may be many practical rea- were sealed in this manner and their aging character-
sons for not wanting to use multipliers. These may istics are also shown in Fig. 8. These devices are all
include reliability, power consumption, and spurious delay lines, with numbers 9 and 10 operating at
suppression. To illustrate the difference in noise 310 MHz and 12 and 13 operating at 401 MHz. All of
characteristics, Fig. 6 shows the single-sideband FM the devices packaged under high vacuum and with no
noise of a commercial 5 MHz bulk wave resonator 9  organics have aged upwards. Generally, the four de-
multiplied to 310 AIHz along with a 310-MHz surface vices packaged in evacuated flatpacks have shown aging
acoustic wave resonator (same de, ice as shown in characteristics that are nearly logarithmic with time,
Fig. 3). Above 1 KHz the surface wave oscillator whereas the RTV-mounted devices were more nearly
is better but below 1 KHz the bulk wave oscillator is linear. Consequently, the evacuated devices show a
better. The group delay of the surface wave oscillator more rapidly decreasing aging rate.
is only about half of the theoretical limit, so there is
room for improvement here and also the flicker fre- Device number 11 was also packaged under high
quency may be reducible with amplifiers or SAW fab- vacuum, but it is unique because it was packaged in a
rication. The dashed line in Fig. 6 is an extension of standard HC-36/ U cold weld enclosure. The packag-
the 20 dB/ decade region to illustrate the SAW oscil- ing was accomplished at the United States Army Elec-
lator performance without flicker noise. Nevertheless, tronics Command in Ft. Monmouth, New Jersey,
even with significant improvement, it is doubtful the through the courtesy of Ted Lukaszek and Bill LeBus
SAW oscillator could be made to have lower close-in Device 11, like 9 and 10, had aluminum transducers
noise than the multiplied bulk wave oscillator, underlaid witha flash of chrome. Number 11 was also

strapped onto a stainless steel backing plate with gold
Medium-Term Stability - Temperature Effects wires as shown in Fig. 9. The final cleaning was ac-

complished at ECOM using standard chemical and UV
Although there is 2nsiderable research being procedures. 13 The device was placed in the high

done on new materials, "u there have been no sig- vacuum system (_ 10-8 torr) and baked at 150" C for
nificant improvements in oscillator temperature sta- one hour. The package was then sealed by cold weld.
bility. The only two demonstrated materials for tem- The packaging facility at ECOM is used for sealing
perature stable SAW oscillators are ST-cul quartz state-of-the-art bulk wave resonators, so it is rea-
and the Si02 / LiTaO3 overlay structure. 1 Figure sonable to assume that device 11 is packaged under
7 shows the temperature dependence of oscillators conditions similar to that of good bulk wave devices.
made with these two materials. ST-cut quartz is the Device 11 is aging upward like the other devices
most commonly used material since it is the simplest packaged under high vacuum, but the total frequency
to use, but the Si0 2 / LiTaO3 structure offers better drift is significantly less. Unlike the other evacuated
performance at the expense of more complicated fab- devices, number 11 is not aging logarithmically but
rication techniques. In addition to new materials, it is only somewhat sublinear.
electronic techniques can be used to stabilize an os-
cillator but very little has been done at this time. In addition to the various packaging schemes that

were used, Fig. 8 shows that several other parameters
Long-Term Stability - Aging have been varied. In particular the two chrome-gold

devices and the resonator show the lowest aging of
Aging tests have been going on at Raytheon for the RTV mounted devices. This Is an interesting ob-

the past two-and-a-half years and It has become obvi- servation but it is difficult to draw any conclusions
ous that the observed aging rates are largely related since the packaging was not clean. Other parameters
to cleaning and packaging. Our very first oscillator which may affect aging are the type of surface polish
was mounted in an unsealed package, and it quickly and the quality of the quartz material. Devices 12 and
became evident that the frequency went up and down 13 were made on substrates having a chemical-
with the humidity. Subsequent devices were mounted, mechanical polish, and device 13 was made on a
in RTV and solder-sealed in gold-plated flatpacks. P "pure Z growth" material rather than the standard
These devices were baked at 80" C for 6 to 8 hours in ultrasonic grade used for all the others. Future ex-
a dry nitrogen atmosphere before final sealing. Fig- periments are planned to evaluate such parameters
ure 8 shows the aging data for 13 devices. Numbers as types of metallization, surface polish and quality
I through 8 were mounted a just described. All of of quarts, but It Is difficult or impossible to reach
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definite conclusions about these parameters until K. Schwidtal, J.W. LeBus, and E. Hafner, "Sur-
packaging and cleaning variables are eliminated, face Studies for Quartz Resonators," Proc. 28th
Experiments are in progress now to evaluate the Annual Frequency Control Symposium, 96 (May 1974).
aging of the Si0 2 / LiTaO 3 structure under clean
packaging conditions.
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SAW OSCILLATORS FOR PHASE LOCKED APPLICATIONS

Thomas R. Joseph
Hughes Aircraft Company, Fullerton, CA 92634

Abstract It is the purpose of this paper to discuss the results of
a comparative study of the DLO and the 1 PRO, which were

Many system applications require coherent frequency considered for use as phase locked frequency sources in
sources in the UHF frequency range. These sources can be an expermental communications system and the results of
realized by SAW oscillators which are phase locked to a a study of 2 PRO's which operated at similar frequencies.
low frequency system reference. The SAW oscillator may
be implemented as either a delay line or a resonator con- As many of the design considerations for the free running
trolled oscillator. The choice depends upon a number of VCO and many of its properties determine the overall
factors, including oscillator noise characteristics, tern- behavior of the phase locked oscillator; much of the follow-
perature effects, circuit complexity (cost), and ease of ing discussion will be applicable to SAW oscillators In
phase locking. This paper describes the results of an general. However, those properties which are peculiar to
experimental comparison between delay line and resonator the phase locked environment will be emphasized. Before
oscillators designed for use as phase locked frequency comparing these three oscillator types an individual descrip-
sources in the UHF frequency range. Phase noise measure- tion of each will be given. The DLO is considered first and
ments for each type of oscillator is presented and compared it is seen that the constraints on the delay line designl, 2
with the noise characteristics of a contemporary crystal are somewhat different when the DLO is used in a phase
oscillator. locked application than when used as a stand alone oscillator.

Results of this study show that simplifying modifications The Delay Line Oscillator
can be made in the design of conventional delay line oscilla-
tors when they are used in a phase locked mode, and that The DLO, as shown in Figure 2, consists of an ampli-
the delay line must suppress oscillation primarily at the fier connected to a feedback loop containing a SAW delay
unwanted harmonics. The use of a two-part phase shifter line and two phase shifters, one fixed or static (qs) and one
to compensate for variations on the acoustic phase of the variable or dynamic ('VD(V)).
delay lines from unit to unit is discussed.

The conditions for oscillation are:
Introduction

ALP = 1 (la)
Many current system applications require coherent

frequency sources in the UHF frequency range. These 0A + 0+ q = 2mr (lb)
sources can be realized by surface acoustic wave, SAW,
oscillators which are phase locked to a low frequency sys- WThere A, L and P are the gains and OA, OL, and q are the
tem reference. Figure 1 shows a block diagram for a phes of L amplar, e in and pha si r
phase locked oscillator. It consists of a voltage controlled phases of the amplifier, delay line and phase shifters
oscillator, VCO, which operates in the frequency range of respectively, (p = 9' + cD(V)), and m Is an integer.
interest, a local oscillator, LO, (system reference) which
may be much lower in frequency, to which the VCO is to be The phase condition (lb) determines the frequencies
locked and a phase detector which provides an output signal of oscillation while the frequency response of the delay line,

proportional to tbs phase difference between the VCO and using (la), suppresses oscillation at all but one of the pos-
the LO. sible oscillation frequencies. Frequency variuleon is ob-

tained by varying the input voltage, V, to the dynamic
phase shifter, (PD(V).

AMPLIFIER

VOLTAGE FIFRF
CONTROLLE, OUt OUTPUTOSCILLATOR

PHASE DETECTOR CONTROL DYNAMIC

VOLTAGE OM) PHASEINPUT SHIFTER

OCIL LATOR S TATIC PHASE

SHIFTER

Figure 1. A Phase LocLed Oscillator Figure 2. Delay Line Oscillator Showing Stripline/

The three types of VCO to be discussed in this paper Microstrip Phase Shifter
are the SAW delay line (DLO), SAW two-port resonator,
(2-PRO), and SAW one-port resonator (1-PRO) oscillators. The dominant term in (lb) is eL = pTl, where T is the
The choice of one of these three oscillator types for a time delay of the delay line. Thus, the pssble oscillation
particular application is dependent upon several factors frequencies, fin, are given by
including, long term drift (aging), medium (temperature M)

variation) and short term (noise) stability, circuit complex- __DA+_I_+___(_
* Ity, ease of device fabrication and frequency settability. fm = m 2W (2)
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and the spacing between adjacent oscillation frequencies is the lock circuitry will pull the oscillator until the loop mode
hope to the desired frequency. Some care must be taken,

Af = f - f = I/ (3) if the phase locking circuitry is required to aid in the mode
suppression, to insure that the phase variation under volt-

As was indicated above suppression of oscillation at all but age control is sufficient to drive the loop to a frequency
the desired frequency, fo, is accomplished by tailoring where it can no longer oscillate. Otherwise, the loop can,
the delay line amplitude response so that its transmission as indicated by Browning, et. al. 3 remain oscillating on
peaks only at to. The insertion loss at the other values of the unwanted mode and the oscillator will not achieve phase
fm must be large enough so that (Is) is not satisfied. This lock.
is usuafy accomplished using a geometry described by
Lewis, consisting of a broadband input transducer with a Delay lines using both the Lewis type design and the
thinned narrowband transducer (tapped array) at the output, identical transducer design just discussed, were constructed
Under ideal conditions this provides suppression of all but during this study. Figure 4 3hows the measured insertion
the desired modes. However, due to fabrication errors, loss and the insertion phase (OL) of two delay lines with
mass loading, and circuit phase effects, (time delay or identical transducers operating at 313.75 and 393.75 MHz.
phase shift resulting from the transducer) this ideal mode TIDT = 0. 833 microseconds was chosen. This is slightly
suppression is rarely realized in practice. We have found, larger than the theoretical value to insure the suppression
however, that imperfect mode suppression is adequate if of the adjacent lock frequencies despite variations in tem-
the adjacent modes are at least 10 dB down relative to the perature. The transducers had double electrodes and r =
insertion loss at fo. 1.1 microsecond or 1.3 T IDT. The loop mode frequencies

occur at the frequencies where SL(f) = OL(fo). At those
In a phase locked implementation the constraints on the frequencies the insertion loss is substantially greater than

oscillator change. Mode suppression is most critical at 10 dB and the suppression level is at least 40 dB at the lock
frequencies which correspond to the possible lock frequen- frequencies.
cies, fL, which are integral multiples of the system refer-
ence frequency, -

f L = i f R 0-
L R-40-

where I is an integer and fR is the system reference. This _s_
suppression can be achieved using a Lewis type delay line -70-
but it can also be realized using two periodic transducers
whose null bandwidth is 2 fR. Consequently, the time length
of each transducer is I I I I i I I I i

311.25 312.50 313.75 395.00 316.25 391.25 392.50 393.75 395.00 396.261'D 1= IfR FREOUENCY FREOUENCY
hIDT R hORIZONTAL SCALE: 0.61 MH//DIV

VERTICAL SCALE: IL. 10 dS/OIV
For the Lewis design the time delay, T, of the delay PHAN 6'0/IV

line is equal to TIDT of the narrowband transducer. How- ..................
ever, we have found in practice that 10 dB of mode suppres- Figure 4. Measured Insertion Loss of Two Oscillator
sion is sufficient to suppress unwanted modes. Thus, it Delay Lines Using Identical Uniform Periodic Transducers
is poss.ble to increase T for a delay line consisting of two
uniform periodic transducers up to a maximum of 1.8 TIDT. While the delay line phase is the largest term in Eq.
This can be seen by referring to Figure 3 in which the (lb), 0 is critical in determining the oscillation frequency.
normalized insertion loss of an ideal delay line with two The function of the phase shifter is to provide a voltage
identical transducers of length rIDT is plotted. The 10 dB dependent variation in the loop phase enabling the oscillator
line (shown dotted) intercepts the main lobe at frequencies to be phase locked. However, this is really two separate
whose separation is 2&f is related to fR by processes. The first is to pull the oscillator up to the

desired lock frequency by compensating for transducer cir-
fR/Af - 1. 8 cut effects, fabrication defects and any other permanent

perturbation in the loop phase, and the second is to compen-
using (3) to substitute for Af gives the result T - 1.8 T IDT. sate for the phase shifts due to variations of ambient tem-
In a phase locked oscillator it is nece.-sary that T V I/fR. perature, the affect the delay line, the amplifier and the
This prevents the aijacent lock frequencies from coinciding phase shifter itself, and shifts due to delay line aging. As
with possible values of fm. The mode suppression con- such, the phase shifter can be divided into two parts, these
straint can be relaxed as oscillation at an adjacent mode were shown in Figure 2 as a static phase Os and a dynamic
frequency will not null the output of the phase detector and one OD(V). The dynamic shifter must compensate for all

of the time dependent phase shifts in the loop consequently
0__-____,_____ its maximum phase viaration, AqVDmax , must be greater

, I , , than the expected time dependent phase shift in the loop in
1...... 4 . ... ... .... ...... j.. order to maintain phase lock. The changes in OLdue to

S I II  I I aging and temperature variation are usually the largest
2I contribution to changes in the total loop phase, however,

NORMALZED Itemperature variations of the amplifier and of the phaseINNno1 LOSshifter itself must also be considered. The variation of
40 Ithe frequency due to changes in the elements of the oscilla-

tion loop is obtqined by taking differentials of Eq. (2) and
soI I using (lb).

! y AfPOSSIBLE fm-:Te" # ( A L + A A A ) ()
OCILLATIOE 10T F 7' REQUENCY n
PRI[OUEICIES 'O
.... . 'lDT Afm/fm - 0 in a phase locked system and consequently,

Figure 3. The Relation Between TIDT and Dmax : D &L + AA + AV6)
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Since the two circuit terms AOA and A~s are expected the delay line must be controlled with sufficient accuracy
to be small (6) reduces to the condition to obtain this same pulling range characteristic. This

requires delay line reproducibility of *80 ppm. This is not
Dmax - ' A0L I (7) currently practical as metallization thickness and crystalorientation inaccuracies will in general exceed this tolerance.

The LHS of Eq. (7) is usually fixed by the design of the Setting the loop phase to the proper value is accomplished
phase shifter. Voltage variable shifters with A Dmex by including a static phase shifter. We implemented thisphare difficult to design with a flat amplitude response, and phase shifter by a combination strip line/microstrip mean-
good temperature stability. Consequently, it is desirable der line structure which is shown in Figure 2. The phase
to limit the amount of phase shift required as much as pos- was varied by selectively making and breaking intercon-
sible. Eq. (7) gives a relation between A(Dmax and the nections between the sections of the meanderline. Note,
length of the delay line. Rearranging Eq. (7) gives a rela- the static shifter must be isolated from the dynamic phase
tion between AVDmax and N the length of the delay line in shifter, otherwise the reactive load of the static shifter and
wavelengths, transducer combination, which changes as the phase shift

is varied, can cause the dynamic phase shifter's character-
istics to vary, resulting in changes in the FM characteristic

N 2A#Dm / 2 L (8) of the VCO.

Figure 5 is a plot of N vs iOL/OL with A(PDmax in THE SAW TWO-PORT RESONATOR OSCILLATOR
degrees as a parameter. A limit on delay line length result-
ing from the expected variation of OL with temperature and The SAW two-port resonator4 (2-PR) is in many
the design value of ApDmax can be obtained from Figure 5. respects similar to the delay line. It is essentially a delay

line whose characteristics are modified by the presence of
two reflective gratings which surround the transducers of

soo _the delay line. As such its use in an oscillator is similar
to the DLO. These are however three major differences.

2000 -- 1) A high Q 2-PR is extremely narrowband, 2) the insertion
phase slope while constant outside the passband becomes

100 "ID quite steep over the operating bandwidth and 3) because of
ISO- o the energy confining effects of the grating the insertion loss

N 1ecan be potentially 0 dB. Figure 7 shows the insertion loss
500 -. ------- 1200 of a typical 2-PR fabricated on ST quartz using shorted metal

900 electrode gratings. The narrowband response (3 dB band-
600 width = 46 kHz) and the steep phase slope can be easily seen.

2o -- -- This 2-PR has a loaded Q of 8600 at 394 MHz.
300 /uGATING,

Figure 5. The Relation Between Delay Line Length and INSERTION LOSS. dO

Fractional Phase Change for Several Values of a Dmax

0E ASUREM +NI SYSIEM --

~-.- 40
A.NAL A

Ii T ' T Figure 7. Measured Response of a Two-Port SAW

I Resonator Fabricated on ST Quartz Using Shorted
L --------- J Metal Electrode Gratings

E'-oi LThe low insertion loss and high Q of the two-port reso-

nator make it potentially useful as a stable stand alone fre-
Change inquency source. However, its extremely narrow bandwidth

makes it difficult to fabricate devices which oscillate at the
phase lock frequency fo and which can hold that frequency
over temperature. For example, Figure 8 shows the mea-

Figure 6. Change in FM Range of a Delay Line Oscillator sured insertion loss of the delay line used in this study
Over Temperature compared to the response of the 2-PR resonator. Note the

delay line has a Q of 2500 and a 3 dB bandwidth of 1.3 MHz.
Some care must be taken to insure that the range of The 2-PR has a Q of 8600 and a 3 dB bandwidth of 46 kHz.

total loop phase values required to maintain phase lock Even with a Q of 2500 the 3 dB bandwidth would only be 160
falls within the range of phase values covered by the dynamic kHz, and this lower Q value can be achieved only at the
phase shifter. This situation is analogous to the biasing of expense of increased insertion loss.
a transistor at a specific operating point. Figure 6 shows
the pulling range of a DLO for V between 0 and 10 volts at The application for which the phase locked oscillators
T - 25, 55 and 950C. The loop phase has been adjusted so were being studied did not allow the use of an oven to tern-
that despite changes In temperature, fo still falls within the perature stabilize the SAW device. Thus the question of the
pulling range of the oscillator. This is accomplished by applicability of the 2-PRO as the VCO in a phase looked
setting Os to a value which gives oscillation at fo at between oscillator depends upon the ability to hold oscillation at fo
50 and 100 kHz above the low frequency end of the pulling over the temperature. Our two-port oscillators were found
range. If no static phase shifter is used then the phase of to drift by 140 kHz over the 0 - 1000 C range specified for
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this application. As this is greater than their 46 kHz band- of the VCO. Thus te requirement that the oscillator be
width they would not be suitable without some improvement capable of maintaining the phase lock frequency over tern-
in the temperature stability. The question of temperature perature is the most critical, and the oscillator may be op-
stability will be discussed further below. erated in the region below resonance where a 400-500 kHz

2 PORT RESONATOR pulling range is obtainable. A resonator was placed in a
standard Clapp type transistor oscillator circuit. The cir-
cult is shown in Figure 10. The frequency is varied by
changing the varactor control voltage, V. Buffer amplifiers
were used to isolate the oscillator. The final oscillator
constructed had two outputs each with a 7 d~m signal level
and 80 dB of suppression of the system reference and its
modulation products.

OSCILLATOR DELAY LINE

T0 Re2 J1R.

C1I C2

C 3

K . -K2o~o. KRESONATOR

Figure 8. Comparison of Passband Width Between the
2-Port Resonator and an Oscillator Delay Line L' 4

L2

THE SAW ONE-PORT RESONATOR OSCILLATOR VvC

An alternative to the delay line oscillator is the SAW
one-port resonator oscillator. The one-port resonator 5

(1-PR) is analogous to the bulk crystal resonator and can be Figure 10. SAW Resonator Oscillator Circuit Diagram
used to build oscillators in a similar manner. The 1-PR
has the same narrowband nature of the 2-PR however, COMPARISON OF OSCILLATOR TYPES
through the use of spreading coils the pulling range of the
oscillator can be increased. The decision as to which type of oscillator to use de-

00 - - pends upon a number of factors. These include sensitivity

- to variations in fabrication, ease of fabrication, circuit
complexity, the noise characteristics of the free-running

20- 180 oscillator and, in particular, for a phase-locked source,

30o- -90 temperature variation of frequency and the ability to main-
INSERTION PHASE (DEG) tain phase lock despite variations in temperature and long
LOSS Id8) 400--0 -REFERENCE term drift. The main results of this study were to shed

ARBITRARV some light on these factors.50 - -- 90

60 - --- 180 Fabrication

70- Several factors in the fabrication process were found
to impact on the delay line performance. Pattern defects

392.95 393.35 393.75 39405 394,55 consisting of broken fingers did not appear to change the
FREQUENCY (MH,) insertion loss characteristic although shorts between elec-

Figure 9. Series Transmission Measurement of a One-Port trodes which were large compared to a finger width rendered
Resonator Which is Shunted by a Coil to Resonate the Static the device inoperative. Control of metal thickness to within

Capacitance of the Transducer 100 Ao of the nominal value was found to be necessary to
insure that the measured center frequency corresponded to

One means of determining the properties of a 1-PR is the design value. Table 1 gives measured values ol fu for
to measure its frequency response as a series transmission delay lines with differing metal thicknesses. As can be seen
element in a 50 Q system. This is a particularly appropri- the center frequency changed by approximately 200 kHz when
ate means of measuring the properties of the resonator as the thickness was changed by 300 A0 . This is a much greater
it Is often used as a series feedback path in many oscillator shift than is predicted by theory. The 1650 AO devices were
designs. Figure 9 shows the measured response of a SAW built using adifferentphotomask. The 313 Mhlz delay line wa-
resonator which is shunted by a coil to resonate out the ef- found to have a stripe to gap ratio less than 1:1 which caused
fects of both stray capacitance and the static capacitance the frequency be the same as seen for a 1500 AO metalization.
of the trans, icer. This plot indicates the major differences The 1500 AO devices had a stripe to gap ratio close to 1:1.
between this type of device and the delay line. The minimum
insertion loss if 5 dB instead of the 15 - 30 dB usually seen
in delay lines, and the insertion phase is not linear with
frequency except over several separate frequency regions. Table 1
Two of these regions are of particular interest for the
oscillator designer. The region about series resonance is Metal Thickness f (313.75) f (393.75)
the region where the steepert phase slope occurs and the (AO) (MHz) (MHz)
transmission peaks. The resonant Q measured from the
slope of the phase Is 4650. This region which is 200 kHz 1500 313.96 393.92
wide is the region over which the oscillator would have the 1650* 313.97 393.66
best short term stability, due to the high Q, and low insertion
loss. A properly designed stand alone oscillator should 1800 313.57 393.55
operate in this region. In a phase locked oscillator the
stability of the reference oscillator determines the stability *A new mask was used for the 1650 AO dovices.
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Initially by chemically etching the 1800 A thick metal- Table II.
lizations lines with the correct center frequency were ob-
tained. Currently the 1650 Au devices which are as much Af
as 200 kHz high have been used. This is possible because 0eC2 2 f IT.a
the center frequency tends to decrease with temperature Device Type Orientation TC) ppm/( C) (0-100 C)
allowing the DLO to hold phase lock. Delay lines with
center frequencies which are low are not useable. Delay Line ST (42. 750) -18.6 -. 035 492 ppm

1-port
The sensitivity to shorts of the resonator geometry is Resonator 37.70 31.2 -. 032 151 ppm

limited to the transducer regions which comprise only a
small fraction of the device geometry. The gratings which 2-port
consist of shorted metal electrodes are relatively immune Resonator ST (42. 750) -12.9 -. 028 357 ppm
to such defects. However, the two resonators are narrow I
band devices and metal thickness and stripe to gap varia- *Orientation given in the notation of Ref. 8.
tions can cause shifts in the resonant frequency. For ex-
ample, the resonant frequencies of a group two-port Short Term Stability
resonators which were fabricated on the same substrate
were found to vary by as much as 65 kHz. This variation Measurements were made of the short term stability
is 1.3 times the 3 dB bandwidth of the 2-PR's. of each of these three oscillator types. The measurement

was made using the apparatus shown on the left of Figure 11.
The delay line presents a somewhat greater problem in For this measurement two oscillators are required. One

photolithography. In order'to suppress electrode reflections is configured as a fixed oscillator while the second is a
which can seriously distort the passband shape, double voltage variable oscillator which is phase locked to the first
electrode transducers are necessary. Double electrodes oscillator. A quadrature mixer is used to 'ueat the two sig-
require greater line width resolution for pattern definition. nals together 900 out of phase. The resulting signal is un-
'I his increased resolution requirement has not been a serious correlated noise which is then fed into a low frequency
problem at 393 MHz, but it does render the device more spectrum analyzer.
difficult to fabricate and increases the incidence of fabrica-
tion defects. The resonators however, are essentially
single electrode structures and the line widths are twice VOLTAGECOTOLD FAQDEC RE WNA TOR

that of the delay line. T AD- S A oSRA o

5 I RESONATOROS

SE313 - DELA

INTERGR A TOR T ,
AND LO P ASE . . Z MEI CRYSTAL
TITLOEP DETECTOR a EEw'. E

Temperature Effects 2 ,o.

The frequency of a phase locked oscillator does not vary 5 T ,.o.
with temperature as long as the locking circuitry is capable ]
of compensating for the changes in the SAW element and in ToPERCY

the auxiliary circuit. While the dominant variation with ,
temperature, resulted from phase changed in the SAW ele- TO Ie I ED

5

ment, the gain of the amplifiers and dynamic phase shifters TEODENCY OFFSET FROM CATTIER -.

was seen to decrease. This resulted in a decrease in the
pulling range of the oscillator. This can be seen in Figure
6 where at 250C the fin range is 34C kHz while at 950C this Figure 11. Measured SSB Phase Noise for Three Types of
has been reduced to 250 kHz. SAW Oscillator. The response for a crystal oscillator is

shown for comparison. The data has been normalized to
Both the DLO and the 1-PRO had sufficient fm capability 393 MHz.

to maintain phase lock from 0 to 1000C. However, the 2-
PRO did not. The 2-PRO pulls 140 kHz over the temper- Figure 11 shows the measured single sideband phase
ature range. If the lock frequency is 70 kHz above fo at noise to signal ratio (dBc in a 1 Hz bandwidth) of SAW 393
To then at T = T, and at T = 1000 where the passband will MHz one-port and two-port resonator oscillators, a 313
have shifted so that fo is 70 kHz below center frequency. MHz delay line oscillator and a standard 82 MHz crystal
Then the insertion loss will have decreased by 12 dB. Un- oscillator. The noise spectra of the DLO and the crystal
less this much excess gain is included in the loop the oscil- oscillator has been normalized to 393 MHz to give a more
lator will not hold phase lock over temperature, meaningful comparison.

The change in acoustic phase with frequency results As can be seen in Figure 11 all four oscillator types
from the variation of SAW velocity with temperature which show comparable noise spectra out to about 2000 Hz. Be-
is a property of the choice of crystal, crystal orientation yond this frequency the 1-PRO joins a noise floor at -116
and the fractional surface metalization. The SAW devices dBc while the other three spectra continue to decrease till
used in this study were fabricated on rotated Y-cut quartz, they join noise floors at 134, 143 and 145 dBc for the crystal
ST-cut quartz was used for the delay lines and the 2 PR's oscillator, DLO ai.d the 2-PRO respectively.
and a 50 rotation from ST was used for the 1 PR's. The
measured zero slope temperature, To, and second order According to the theory of Lewis 1 the noise character-
temperature coefficient of frequency, C2, are given in istic of a DLO (and also the 2-PRO) is improved by using a
Table II, for these devices, higher Q, lower insertion loss element. Thus the 2-PRO

because it has both of these properties has the potential to
To is reduced in these devices because of large frac- produce a superior noise characteristic. However, in

tional surface metalization. 7 The temperature character- Figure 11, the 2-PRO noise characteristic is seen to be
istics of each device did not depend upon the type of device 2-4 dB higher than that of the delay line. The reason the
but instead upon the physical parameters of metal thickness delay line characteristic is lower is not fully understood at
and crystal orientation. With careful choice of that orienta- present. One problem which was encountered in maldng
tion To = 50 can be realized for each device type thus mini- this measurement was the difficulty of obtaining two devices
mizing the phase variation. With To = 50 the drift of the 2 with the same center frequency. The two devices used had
PRO from 0 - 1000 C would not exceed its 3 dB bandwidth, center frequencies which differed by 10 kiz and the
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measurement was made with both oscillators tuned to a However if a lower Q element is acceptable a 1-PRO can
frequency in between. This results In a small increase in provide a pulling range sufficient to be useful as a phase
the insertion loss of each device, locked source. Comparison of the one-port resonator and

9 the delay line indicates they are comparable in physical size
The theory of Leeson for the crystal oscillator which but the static phase shifter required by the delay line neces-

can be applied to the 1-PRO indicates that the phase noise sitates utilization of more circuit card area and individual
spectrum, SO(f), as adjustment of each device. The higher insertion loss of the

delay line also requires greater amplifier gain.

Thus while both the delay line and the one-port resonator
F = + FKT o 2] oscillatrrs were found to be capable of satisfying the require-I FI (9) ments of tne phase locked implementation under considers-

J 1n] + 2f (9) Qtion, the SAW resonator oscillator is felt to be the more

advantageous approach.
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300 MHz OSCILLATORS USING SAW RESONATORS AND DELAY LINES

E. J. Staples and T. C. Lim
Science Center, Rockwell International

Thousand Oaks, California 91360

Summary f I The fluctuations are given in the time domain by
by the fractional frequency stability.

The design and performance of fundamental mode
crystal oscillators utilizing SAW resonators and delay
lines at 300 MHz is presented. Emphasis is on the 6f 1)(N
measurement of phase noise close to the carrier (1 Hz T
to 10 kHz), and it is shown that the SAW resonator
oscillator possesses lower phase noise than comparable 2
delay line oscillators. The lower phase noise of these where f u(N,-r) is the variance of N adjacent samples of

oscillators is a direct consequence of the higher Q or the average frequency and T is the averaging time.

phase slope achieved in the feedback network of the
oscillator circuit. Experimental measurements of fre- If the oscillation is described by

quency domain phase noise S (f) and time domain
stability a (2,T) for SAW dlay line and resonator V(t) = VSin2 f 1
oscillatorsYwill be compared and discussed. n + 0(t d (2)

Introduction and the fractional frequency offset by

An important new circuit application to evolve
from present surface wave technology is in the area of
oscillator frequency control. Recent literature has y(t) = kt (3)27rf
shown that a surface wave delay line can be used as 0
the feedback element of an RF oscillator for genera-
tion of moderate to wide bandwidth frequency-modulated
signals in the VHF/UHF range. The surface wave delay the stability may be described in the frequency domain

lines used to stabilize the oscillator's frequency can by the spectral density of y(t) which is then related

be designed to have Q's in the range between those of to the spectral density of phase, S (f) or frequency

crystal and LC resonators used in other oscillator cir- S(f) by

cuits. The frequency stability that can be achieved
with the delay line oscillator is limited by the delay 2 2
line phase slope or Q. As will be shown in this paper, = I 2  

= I f S (()
this limitation can be reduced by the use of a SAW y ( S, f (f
resonator in the feedback loop of the oscillator. In 0 0

this case, the stability of the oscillator depends on
the Q of the SAW resonator which can be made con-
siderably higher than delay lines, i.e., typically where f is the frequency offset from f0
:0,000. An important advantage of SAW resonator-
controlled oscillators is that tney can be fabricated The frequency stability of any feedback oscillator
at frequencies as high as 1 GHz; hence, stable oscilla- depends on the following:
tors can be built for fundamental frequency operation (a) The stability of the feedback element
well into the UHF range. This eliminates the need for ( estaty of thefedbcieemn
a complex frequency multiplier chain and greatly (resonator) as a function of time (aging),
reduces the harmonic cuntent and phase noise of the vibration
output signal. (b) The Q of the feedback element

The purpose of this paper is to present the (c) Perturbations in the amplifier and feedback

results of a recent survey of SAW oscillator per- element by noise sources

formance made at the Rockwell Science Center. The
relative stability of SAW oscillators compared to the b hrlat tator s e omitin in he

bulk oscillators has until recently not been well by the last two factors. Because of limting in the

known partially through a lack of commercially- oscillator, the exact solution for short-term stability

available measurement equipment and also because of is a complex solution related to a nonlinear system of

the discovery only recently of high Q SAW resonance equations as described by Hafner.
1  

Assuming the noise
phenomena itself. In this paper stability is defined perturbations to be small relative to the total signalphem ofief n thiser smabity iesmeinse- allows for certain simplifications to be made and the
in terms of time and frequency domain measurements per- noise can be considered as a superposition of a number
formed on the HP 5390 stability anazer. Both containonents.
the same information but viewed through a different
perspective. The relative stability of SAW oscilla- Oscillator stability In the time domair is measured
tors to that of bulk oscillators is now available as a by evaluating the Allan variance defined as the mean
benchmark for future researchers and system designers, square value of A12 n d
At the present time SAW oscillators are not as stablek l
as bulk oscillators. However, it is possible to
Improve the SAW oscillator by careful fabrication tech- k)2
niques. 0(2, - (k+l-k (5)

Frequency Stability

The stability of an oscillator is characterized by where yk is the fractional frequency averaged from t
statistical fluctuations about the average frequency to tk+ k
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tk high-resolution reciprocal counter (HP 5345A) with

- ( external gating capabilities; a measurement storage

-- y(t)dt (6) plug-in unit (HP 5358A); a mixer/amplifier unit
(HP 10830A); a desk-top calculator (HP 9825A), and a

tk printer/plotter output device (HP 9871A). Communica-

tion and control between the various instruments is

and t k tt . The development of frequency counters provided by a digital interface system (HP-interface

which an be programed to make measurements and do bus). Measurement data is also sent to the calculator

arithmetac calculations makes it possible to easily via the interface bus. The calculator is programmed

evaluate the variance of frequency fluctuations of any from its keyboard to process the data received from the

oscillator. counter and plug-in. The printer device is used to

output the processed results either in numeric or

A number of expressions for oscillator noise in plotted form.

the time domain have been derived by various research-
ers. The predominant components are due to 1/f and The performance of this system is best explained

additive noises. At present, no mathematical by the relationship between the Allan variance and

expression exists that describes the dependence of spectral density of a system with transfer function

flicker noise on oscillator configuration or on H(f):

parameters of circuit components in the time domain.
An expression for the standard deviation of rms frac- -0

tional frequency fluctuations versus averaging time, 2 /o2 (8)
derived for an oscillator by E. Hafner

2 
is given by a (2,T) 1 Sy(f) d(f) 

2df
*(f0

f /=- F + C (7) The transfer function of a counter performing the

'osc% 0Allan variance has a broad peak near f = 1/2T. Because

this peak is so broad, the Allan variance is replaced

by the Hadamard variax.ce which can be programmed to
where have a much narrower transfer function as discussed by

Baubh.3 The counter is programmed to measure this

variance, the transfer function is then known, and the
F - effective noise figure of the limiting calculator then processes the data to yield the phase

amplifier in the oscillator feedback loop noise of the oscillator being measured based on Eq.

(8). The complete theory of this measurement technique
kT -

fi 
-174 dBm/Hz bandwidth at room temperature has been described by Peregrino and Ricci.4

Pos total rf power dissipated in the oscillator Surface Wave Oscillators--Comparisons
resonant circuit

Shown in Fig. 2 is the block diagram of a typical
QL - operating, or loaded, quality factor of the oscillator circuit. It consists of an amplifier having

oscillator resonant circuit gain "A" and a feedback network with gain "B." These

are connected in a closed loop such that positive feed-
fo - average frequency of oscillations back is provided from the output of the amplifier back

to its input. The equation describing the criterion
C = flicker noise constant for oscillation is

From this expression an estimate of oscillator AS = 1

stability can be made. The important parameter to note
is P Q f . Bulk crystal oscillators at 10 MHz

opera e wih a loaded Q of typically 500,000 and a power where A and B are vector quantities. This equation

level of -60 dBm. For a SAW oscillator to have the same states that for oscillation to occur, the overall loop

stability at 100 MHz and the same power level, its Q gain must be unity and the total phase shift around

need only be 50,000. Similarly, at 1000 MHz the Q need the loop must be zero or any multiple of 27.

only be 5000. These Q's are close to the intrinsic

limit of SAW resonators. Our experience at the Science In the SAW delay line oscillator, the feedback

Center indicates less Q can be tolerated since the SAW network takes the form of a delay line of time T.. The

oscillator crystal can operate at considerably higher phase slope of the delay line determines to a large

power levels without drive-level effects occurring, extent the phase stability of the oscillator and is

i.e., typically -50 to -40 dBm. given by dO/dw - -
T
d -N/f where N is the number of

wavelengths between the input and output transducer
Stability Measurements System phase centers. A typical tapped delay line electrode

with N - 600 was used in our study and is depicted in

At the Science Center an integrated crystal measure- Fig. 2. The complete feedback network contained

ments system has recently been assembled. A block matching networks to reduce the large insertion loss of

diagram of the system is shown in Fig. 1. The heart of the delay line and provide the correct phase condition

the system is the HP 9825 calculator and interface bus. for oscillation. The effective Q of the feedback net-

Utilizing the bus, virtually any instrument may "talk" work is simply vN which for our case was nominally 2000.

or "listen" to any other instrument. Data may be

collected by the calculator, processed, and compared to In the case of a SAW-resonator oscillator the feed-

theory directly on plotters, or printers as available, back network may take the form shown in Fig. 3. The

The emphasis in this paper is on the UP 5390 stability SAW resonator is represented as a crystal equivalent

analyzer portion of the measurement system. The analyzer circuit. Shown in Fig. 3 is the phase and amplitude

is capable of measuring phase noise as close as .01 Hz to response of the feedback network. The low insertion

the carrier which can be as high as 18 GHz. The system loss and high phase slope are readily apparent. The

consists of five major components shown in Fig. 1: a phase slope of the feedback network is given by

372



dejdw - -2Q/ ° where for the resonator oscillators because of their lover Q and high flicker

noise floors. Presently, bulk oscillators are capable
wL1  of achieving 5X10

- 1
3 for a 1 sec count, whereas the

Q . Ibest SAW oscillator to date has only achieved 5x10
-11

.
R In order to improve the stability of SAW oscillators,

higher Q's are needed as well as parallel advanced in
reducing the high flicker noise of associated

In our experiments Q's of 5000-10,000 were readily oscillator circuitry.
obtained using simple aluminum metallizations on
rotated Y cuts of quartz. In this same symposium Q's Time domain measurements are favored over fre-
as high as 30,000 were reported by Adams and Kusters

s  
quency domain measurements because (1) oscillator per-

using a plasma etching fabrication technique. formance may be more easily compared, and (2) time
domain measurements are more easily implemented with

To evaluate SAW oscillators the measurement capa- computing counters. For system applications, however,
bilities of the HP 5390 stability analyzer were used frequency domain measurements are frequently required.
to compare their relative merits and spectral charac-
teristics in the time and frequency domain. Our goal A time domain measurement system with on-line
was to establish a benchmark for ourselves as well as data processing has been shown to provide excellent
others regarding the capabilities of these new fre- results at low Fourier offset frequencies.
quency control elements. To implement such a compari-
son, the SAW devices were compared to an HP 10544 bulk Acknowledgements
oscillator at 10 MHz. Since this type of oscillator
generally is several orders of magnitude "quieter" than The authors would like to acknowledge the contri-
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far out phase noise of either the SAW resonator or the Hadamard Variance," Proceedings of the 25th
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bulk oscillator. This is due to the multiplication of Electronics Command, Ft. Monmouth, New Jersey,
the bulk oscillator's thermal noise floor. As pointed pp. 222-224.
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The same stability information may be obtained by Annual Symposium on Frequency Control, U. S. Army
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oscillator Is 1-2 orders of magnitude more stable. The Control, U. S. Army Electronics Command,
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s 
is 5x10'

-
. An

ambitious goal which apears achievable u-ithin the near
future is perhaps lxl0

! 
for a 1 sec count.

Conclusions

The stability of SAW oscillators operating at UHF
frequencies has been presented and compared to existing
bulk crystal oscillator technology. Our first conclu-
sion is that SAW oscillators are not as stable as bulk
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ULTRA-STABLE LC OSCILLATORS AND THEIR APPLICATIONS IN METROLOGY

Craig T. Van Degrift

National Bureau of Standards
Heat Division

Cryogenic Physics Section
Washington, D.C. 20234

Introduction

It is often stated that, since frequency is the reentrant resonator work and projects currently in
most accurately measurable physical quantity, devices progress. Portions of the work reviewed in the next
should be developed which convert other physical two sections hae been previously published in a very
quantities to frequency. Consequently, there has been detailed paper.
widespread effort to develop such devices. This is
further stimulated by the need for inherently digital General TDO considerations
devices for use in automated systems. In this paper,
I wish to describe an approach to this problem which The basic circuit
is centered on pushing the forty-year old LC oscil-
lator method to its theoretical performance limita- When properly biased, tunnel diodes

4 
act as non-

tions. The advent of the tunnel diode gain element linear negative ac resistance elements for rf voltages
20 years ago and the relatively new development of of magnitude less than 30 mV rms. They can be fabri-

high quality microwave capacitors greatly assists in cated with characteristic resistance values ranging
attaining this goal. from -1 Q to -10 kl and corresponding characteristic

dc bias currents between 50 mA and 5 WA. The gain of
Serious use of tunnel diode LC oscillators this negative ac resistance is then used to overcome

(TDO's) as transducers originated 12 years ago in the the losses existing in a suitably matched LC resonator.
performancy of physics experiments at temperatures The basic circuit is shown in Fig. 1. The only
below 4 K. They were used at frequencies components required besides the tunnel diode and LC
between I and 20 MHz and typically had short-term resonator are a dc bias resistor, R2 , a by-pass
frequency noises of 10

- 7 
parts. The traditional capacitor, CB, occasionally a parasitic supression

problems of LC oscillators - thermal expansion and resistor, R., and also occasionally a series resistor
electrical resistivity changes - are diminished by RI and coupling capacitor Cc. The circuit is powered
more than 3 orders of magnitude upon reduction of LC by a stable dc current flowing through the same
circuit temperature from room temperature to 4 K. coaxial cable used as the rf output. A key element in
If, however, the gain element in the oscillator the design is the maintenance of a high degree of
remains at room temperature, much of this advantage isolation between the circuit and possible external
can be lost because of instabilities in the trans- influences and noise. This is accomplished by com-

mission line to the cold LC circuit. Since tunnel pletely shielding the oscillator and using a large
diodes work well at low temperatures and in high by-pass capacitance to greatly reduce the effect of
magnetic fields and also have particularly simple external rf interference and impedance variations on

circuits, they are well-suited as gain elements for the oscillator frequency while still permitting a few
these applications. iV of rf signal to pass out the coaxial cable to the

frequency measurement instrumentation.

Eight years ago I made some rather obvious
engineering improvements

2 
to the existing low tempera- Frequency Noise

ture tunnel diode oscillator circuits and attained a
short and long term frequency noise of about 10-

9  
The frequency noise of these oscillators can be

parts. This, we shall see, is near the theoretical divided into the three traditional noise types:
perturbation noise limit of these low-frequency addition noise, perturbation noise, and 1/f noise.
copper LC oscillators for averaging times of a few Typically, the addition noise dominates for i < 0.1
seconds, seconds, perturbation noise for 7 between 0.1 and 10

seconds and 1/f noise for i > 10 seconds.
An optimization study of the LC circuit geometry

then showed that th2 best LC circuit for tunnel diode The size of the addition noise is determined by
oscillator of a given siz, is a very low impedance a designer compromise between the required output
reentrant cavity resonator.

3 
This type of LC circuit signal amplitude, the maximum allowable circuit power

avoids reproducibility problems of conventional LC dissipation, and the extent to which the circuit must
circuits in room temperature applications, thereby be isolated from external noise and impedance
allowing serious use of these oscillators at room tem- variations.
perature. I have recently made room temperature cir-
cuits with a frequency noise of 2 x 10-9 parts for I Since copper LC3resonators have a relatively low

sec averaging time. I am now using these reentrant Q of the order of 10 , the perturbation noise tends
resonator tunnel diode oscillators in a wide variety to be much greater than for quartz and atomic
of applications ranging from temperature measurement resonators. On the other hand, the upper limit of
using a tiny gas thermometer to rather involved NMR driving nower Is set by completely different physical
experiment ", r-.isure absolute nuclear magnetic processes and, in some applications, it may be quite
susceptibilities. large. Tunnel diodes can provide an rf driving power

ranging from as small as 100 pW to as large as I mW

The remainder of this paper first discusses with 10 nW to 10 i-W being most rommon.
tunnel diod, L.C oscillators in general, then reviews
the low-temperature I - 4 MHz work in greater detail,
and finally describes the recert higher frequency
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Although I have not yet convincingly observed it, occurring in response to changes in the electrical
I can easily predict a 1/f noise caused by measurable resistivity of the high purity copper wire in the
1/f fluctuations in the voltage across the p-n junction inductor. At these low temperatures, the resistivity
of the tunnel diode. These voltage fluctuations can of the copper had a minimum at about 10 K and hence
cause fluctuations in the junction capacity and hence the frequency had a maximum at that temperature.
in the frequency. For germanium tunnel diodes, the 1/f For these 4 MHz circuits, the effect of thermal ex-
noise floor is roughly at 10 v /Q parts, where pansion becomes greater than that of surface impedance
V is the oscillator frequency

M
V MHz Thus, for only at temperatures above 50 K.

low-temperature,_low-frequenj circuits, Q = 10 and
1, z /<2(2,T,T)- = 10- while for room telpera- The much smaller dependence of the frequency on

ture reentrant resonator oscillatoia with Q a 10 and the "bath" temperature, also given in Table I , reflects
VMHz  500, /<G

2
(2,r,T)> = 5 X 10 . the fact that variations in the properties of the

auxiliary components of the circuit (R , CB, R, R2, Cc
I shall point out, however, that since this type and the tunnel diode) are much less impgrtant tAan

of 1/f frequency noise is correlated with measurable variations in the primary L or C. An 0.1% K variation
voltage fluctuations, it is avoidable. One can, in in R2 caused most of the 0.1 ppm/K frequency variation
principle, measure the voltage fluctuations and make with "bath" temperature.
a correction to the measured frequency.

The frequency dependence on bias current is quite
Low Temperature Low-Frequency Circuits large, as shown in the table, but it is not so large

\ that sufficiently stable current sources are difficult
Circuit for 4 MHZ measurements with a capacitor to find. A simple mercury battery with a series

current reference resistor monitored by a good
Since these circuits have al5edy been described voltmeter was adequate to render bias current

in great detail in the literature ' , I will restrict variations less important than the intrinsic perturba-
the discussion here to a summary of their demonstrated tion frequency noise at 40 seconds averaging time. As
performance and a brief description of a digital discussed above, with regard to noise sources, ulti-
computer simulation, mately the 1/f fluctuation in diode dc bias should

cause difficulties, especially for the higher frequen-
Table I summarizes the important performance cy circuits to be discussed later.

parameters measured on the circuit shown in Fig. 1. 10
The oscillator geometry allowed the resonator tempera- The measured frequency noise of 6 x 10 /i
ture to be varied independently of the remainder of the parts for 1 < T < 40 sec is within a factor of two of
circuit. As indicated in the table, the resonator the calculated perturbation noise, the discrepancy not
temperature coefficient was on the order of 1 ppm/K being significant compared with the uncertainties of
from 1 K to 15 K. This temperature dependence was parameters entering into the calculation and with
caused predominantly by surface impedance changes experimental errors caused by measurement system noise

of a similar size.

PERFORMANCE CHARACTERISTICS OF A LOW-TEMPERATURE 4 MHz TUNNEL DIODE OSCILLATOR
USING A RESONATOR MADE OF COPPER AND SAPPHIRE

Resonator Quality Factor Q - 700

rf Power Applied to Resonator PLC 0.02 vW

Total Circuit Power Ptotal - 30 pW I K < TLC < 15 KAf -6 K < Tb thc 4.2K
Dependence on Resonator Temperature f< 10"6K I - 74 t

Dependence on Bath Temperature AT 
< 
10-7/K B 0.004

Af.AI

Dependence on Bias Current f /- - -6 x 107
6

Dependence on Magnetic Field AfB = -3 x 1O
- 4 T-2

Frequency Noise > - 6 x 10 - 1 0  1< T 4 40sec

Drift < 3 x 10"9 per day TIL - Tbath - 4.2 K

Reproducibility of Dependences better than 10
9  

over given range

Thermal Relaxation Time Constant < 1 minute T - Tbath " 4.2 K

Warm-up Time to Within 10
-9 

Parts < 1 sec T - Tbath - 4.2 K

of Final Frequency*

* This depends on thermal linkage of oscillator to Its stabilizing temperature bath.

TABLE I
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The remaining four entries in the table are upper in parallel with C and C V The resulting circuit
limits to the quantities shown. Their measurement was had three current Yoops rquiring the numerical solu-
limited by factors not related to the oscillator design. tion of three simultaneous differential equations -

a linear 2nd order, a linear 1st order, and a non-
This circuit was used to measure the temperature linear lst order. The measured tunnel diode I-V

dependence of the dielectric constant of liquid He at curve is used to obtain the non-linear values for Rn (V)
vapor pressure from 0.3 K to 4.2 K with particular and the theoretical voltage variation of the junction
emphasis gear the superfluid phase transition at capacity is used for C(V).
5.1720 K. The capacitor was filled with the liquid
He, and a correction, which was quite serious below The progra" determines the oscillation frequency

0.6 K, was made for a background temperature dependence to a part in 10 and oscillation amplitude to 0.1% for
of the capacitor. a given dc bias current and resonator Q. These results

for the oscillator of Fig. 2 are shown in Figs. 4 and 5,
A circuit for 1 MHz measurements with an inductor respectively. The frequency axis in Fig. 4 is scaled

in order to indicate the amount (in ppm) by which the
A somewhat different low-frequency low-cemperatu5e actual oscillator frequency deviates from f E l/27YrL,.

oscillator was then built by David P. Love and myself In Fig. 5 is plotted the amplitude of the fundamental
to measure the surface impedance of metals. A Fourier component of the rf current, I , through the
schematic diagram is shown in Fig. 2 in which the ac diode. This is proportional to the ouiput rf voltage
equivalent circuit for the tunnel diode is explicitly when measured by narrow-band techniques. It can be
shown in a dashed box. The 166 turn copper inductor seen that, at a dc bias current of 350 pA, an increase
was wound on a 1.27 cm outside diameter x 0.95 cm inside of Q above 900 does not produce a greater fundamental
diameter x 10 cm long sapphire tube which had been signal, but rather generates stronger harmonics. We
helically grooved along its outside diameter to accu- have seen this effect in the actual circuit. Another
rately position the wire turns, effect of the non-linearities is the double-valued

nature of these curves near the extremes of bias

Resistor R was necessary to suppress the para- current. This behavior is associated with a self-
sitic resonancePof L and C while capacitor C was rectification of the rf by the diode which causes the
necessary to roll-ofi the high frequency gain 8 the actual dc bias voltage across the diode to be dependent
diode so that helical resonance modes in the coil would on rf amplitude, even for the same circuit bias current.
not oscillate. In addition, R 2 was necessary to The computer simulation of this effect also quantita-
suppress the parasitic resonance of C and the high Q tively agrees with our observations of the differences
inductance of its superconducting leaf. A minor between bias currents at the "drop-out" and "restarting"
additional difference from Fig. 1 is that a four- points.
element low-pass RC network was necessary to obtain
the desired degree of isolation of the oscillator from The accurate simulation of their circuits allow
external influences. TDOs to be confidently used as a scientific tool.

It is very difficult to determine by analytic means
With the entire circuit maintained at a fixed bath alone the extent of validit .of various simple analytic

temperature, the sample is suspended in the center of formulae, such as f = l/2nVLC, often used to describe
the coil from the mixing chamber of a diluticn refrig- LC oscillator performance.
erator. In this manner very small frequency changes
associated with the sample (caused by, for example, High Frequency Measurements Using Reentrant Resonators
skin depth changes in a single crystal of copper) could
be observed without any correction necessary for the Measurements may be made from below 30 MHz to
circuit temperature dependence. Figure 3 shows a above 2000 MHz using either the capacitive or induc-
typical result of such an experiment. The resistance tive portions of a low-impedance reentrant cavity
minimum associated with the Kondo effect of 2 ppm Fe resonator. Furthermore, as emphasized earlier, these

impurities in the sample crystal of copper is evident resonators work well even at room temperature and

as a frequency maximum at 8.9 K. As shown in the above. Reentrant resonators with very large capaci-

figure, the frequency noise can only be seen when the tance-to-inductance ratios (typically 0.1 to 0.5

maximum is enlarged 800 times. The central portion, farads/henry) work best because their large capacitance
measured with a counte 0averaging time of 30 seconds greatly diminishes the detrimental effects of the
has a noise of 1 x 10 ' parts rms and corresponds to tunnel diode junction capacity. Their high Q (for a
resistivity changes in the copper crystal of only 3 x given volume and frequency) and simple geometry are,

10-14 0-cm. The applications of this technique as an of course, additional advantages.

accurate resistance-to-frequency converter are limited
by the great complexity of the temperature dependent The circuits used with reentrant resonators can

anomalous skin effect theory necessary to convert dc be even simpler than that shown in Fig. 1. If a high

resistivity variations to surface impedance changes. quality microwave capacitor is used for the bypass
capacitor, resistor K and capacitor Cc are not

Computer Modeling necessary to attain aequate isolationcat these higher
frequencies. Occasionally the parasitic suppression

Because of the simplicity of these oscillator resistor will also be unnecessary. Furthermore, the

circuits, accurate modeling of their non-linear behSv- impedance matching of the diode to the resonator can

ior on a large-scale digital computer is practical. be performed with a coupling loop or a transmission

To demonstrate this, we applied a sophisticated Fortran line transformer. The remaining essential auxillary

subroutine which solves simultaneous non-linear circuit components are so small that, if necessary,

differential equations to a simplified version of the they can be placed within an SMA connector.

circuit in Fig. 2. We assumed that R and L could
be neglected and that C could be codideredSan ac
short circuit. We also assumed that C was connected
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PERFORMANCE CHARACTERISTICS OF A ROOM-TEMPERATURE 90 MHz TUNNEL DIODE OSCILLATOR
USING A COPPER REENTRANT RESONATOR

Resonator Quality Factor Q = 600

rf Power Applied to Resonator PLC " 0.5 MW

Total Circuit Power Ptotal 50 W <total273 K < T < 300 K

Dependence on Temperature 7 /AT = -7.3 ppm/K I = 1 mA
B 4 1.3 TAf AI -. 7x10-

Dependence on Bias Current --t-Pt -8.7 x i0- 5

Dependence on Magnetic Field* -fI2 - 1.3 x 10 - T2

Frequency Noise AO y(2,TT)> - 8 x 
10-  

1 < T < 10 sec

Drift** - 2.8 x 10
7 

per day T - 273 K

Reproducibility of Dependences not yet measured

Thermal Relaxation Time Constant Z 20 seconds T - 273 K

Warm-up Time to Within 10
- 9 

Parts not yet measured
of Final Frequency

* Measured at 50 MHz oscillator frequency.
** Still of decreasing magnitude when experiment was terminated.

TABLE II

Table 1I shows the result of rough measurements formed. Mass loading of the diaphragm can make it
of the room temperature performance of an evacuated sensitive to acceleration while mechanical linkage to
copper reentrant resonator with an inductor volume of it allows very precise measurement of linear motion.
100 mL. All of these numbers were obtained at 90 MHz Dielectric constants can be measured if the upper
except for the magnetic field dependence which was capacitor plate is made rigid and a sample is placed
measured at 50 MHz. I expect that further work will in the capacitor gap.
quigkly reduce the measured long term drift of 2.8 x
10 parts/day by about two orders of magnitude, and We have made a small (1.9 cm dia. x 5.1 cm long)
also that smaller resonators will have much shorter secondary gas thermometer designed to work best in
relaxation times. The other entries in the table, the temperature range of 10 to 30 K where conven-
however, will probably not be easily improved. tional germanium and platinum resistance thermometers

have poor sensitivity. An illustration of the

In the following subsections, I will discuss, in dependence of its frequency on temperature is
rather general terms, applications using these given in Fig. 7. The measured oscillator temperature
resonators to the measurement of various physical dependence is given by the solid line while the gas
quantities. pressure contribution and the combined contributions of

gas pressure and thermal expansion are given by the

Using the capacitive portion of a reentrant resonator dashed line and by the dash-dot line, respectively.
The difference between this last curve and the observed

Figure 6 shows a cross-section view of a rpentrant behavior is the right sign and magnitude to be explained
resonator and illustrates how it can be used in a by the temperature dependent surface impedance of the

tunnel diode oscillator circuit to measure pressure, copper in the resonator walls. This thermometer has
temperature (as a gas thermometer), acceleration, and already demonstrated a resolution of 100 vK at low

linear position changes. The capacitive gap occurs temperatures and 50 vK at room temperature. We are

between the top of a central post and the bottom of presently making an improved version which will also

a thick diaphragm. The single-turn inductor is formed contain a pressure sensing oscillator and will

by an annular wall connecting the diaphragm to the dissipate less than 15 uW of power. It remains to be

central post so that the rf magnetic field lines there- seen how stable these can be made with respect to ageing
foraencircle the post. The capacitive gap is very end thermal and mechanical shock. It might be neces-

small. It is typically set between 1 and 10 um. The sary to also install an auxillary oscillator which

remaining circuit components are placed within a hollow senses the surface impedance changes of superconductive

region inside the central post and drive a coupling temperature fixed points between 1 and 20 Kelvin.

ribbon which emerges from the central post and is These would then provide internal calibration points.

attached to the outer wall. We have also placed a copper reentrant resonator

As shown in Fig. 6, pressure is sensed if a gas TDO built with a rigid upper capacitor plate in an

is allowed to push on the top side of the diaphragm, accurate humidity generator to determine its potential
as a hygrometer. The results were encouraging but it

Alternatively, if gas is trapped in a closed volume Is clear that the capacitor surfaces must be plated
with the diaphragm as one wall, a gas thermometer is with an inert material to make them chemically stable

in the presence of moist air.
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2) Construction of a room-temperature thermal
Using the inductive portion of a reentrant resonator expansion thermometer and pressure gauge. It is to

operate at a frequency of 1 GOs and to have a size of

The manner in which the inductor of a reentrant 1 ca dia. x 3 cm long.

resonator can be used to do absolute nuclear
magnetic resonance (NMR) is shown In Fig. 8. By 3) An tMR susceptibility measurement with 100 ppm

absolute NMR, I mean accurate measurement of the accuracy at 273 K. This will be done St frequencies

absolute magnitude of resonant nuclear susceptibility, between 20 and 50 alz and will have a 100 -L sample

Errors in sample filling factor, resonator Q, and volume.

overall system transfer function prevent the
accurate measurement of nuclear susceptibilities 4) A measurement of NMR susceptibility and

by ordinary techniques. A technigue developed at pressure vs. temperature for solid 
3
He between 20 mK

NBS by Donald B. Utton and myself uses the calculable and 100 mK. This will be done at 150 MHz and will use

reentrant resonator geometry to permit determination only a 1 DL sample volume.

of the sample filling factor with an accuracy of
100 ppm. In addition, our method uses measurements 5) A long term stability test of a large (100 mL

of the frequency pulling, rather than the amplitude inductor volume), carefully cleaned and annealed room

change, of a very stable 50 MHz tunnel diode temperature 100 Mliz oscillator.

oscillator to avoid the other errors. This method
is only practical because of the exceedingly high We will probably soon also start experimenting

frequency stability of our tunnel diode oscillator, with tunnel diode oscillators which use superconducting
reentrant resonators as well as ones which use the

The oscillator circuit in Fig. 8 is coupled "electrodeless" quartz resonators of Prof. R. Besson.
9

directly to the capacitor rather than through a
loop in the inductor. This is done in order to Conclusion

preserve the calculable nature of the inductor.
If less than 100% coupling is desired, a transmission I have shown how tunnel diode oscillators using

line impedance transformer can be used between the non-superconducting LL resonators can be made which -9
diode and reentrant resonator capacitor, are ltted by fundamental noise processes at the 10

to 10 parts level. They operate from below 1 MHz

An evaporated thin film insulator can be to over 500 MHz, from below 0.3 K to over 300 K, and

placed in the outer edge of the capacitor gap to in magnetic fields from 0 to at least 1.3 tesla.

form a vacuum seal between the capacitor surfaces. They have circuits which are so simple that a

This then greatly reduces the sensitivity of the detailed digital computer modeling of their perfor-

oscillator to the dielectric properties of the mance vs. dc bias, temperature, and magnetic field is

sample and also to vibrations and temperature practical. Finally, I have shown how they are

gradients. naturally suited for the task of converting changes in
a wide variety of physical quantities into frequency

We are now exploring the full capabilities changes.

and limitatons of this method of NNR detection.
In addition, we are considering the straightforward References
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determine the extent to which the ideas presented in netic Resonance Detection Method and Apparatus",
this paper can be realized in practice. They are: Application for U.S. patent Serial No. 774,094,

March 3, 1977. We will soon publish a detailed
1) Construction of an improved low-temperature description of this work.

secondary gas thermometer which also indicates either
ambient pressure or gives a readout of the transition 9. Raymond Besson, "A New 'Electrodeless' Resonator
temperature of superconducting fixed points. It will Design", These proceedings, (1977).
operate at 500 MHz and be 2.2 cm dia. and 6 cm long.
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0.3K <TLC <295 K 11K<Tboth29 K

Fig. 1 4 MHz circuit used at low temperatures to study the dielectric
constant of liquid 4He. The performance of this circuit is
summarized in Table I in the text. The circuit was constructed
with the LC resonator thermally isolated from other components
as is schematically illustrated in this figure.

20 512

To dc current source I L

51 51 ___ ~Rs Ls RI.0021 200 1560
L CA

I I*301 L- -- -- -- ----
.1 .1 BD-4 R

Fig. 2 700 kHz circuit used at low temperatures to study the inductive
reactance of samples suspended within its hollow coil form.
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Fig. 3 Variation of the frequency of the oscillator in Fig. 2 with
sample temperature while maintaining the circuit temperature
constant. The sample is a single-crystal rod of high-purity
copper with the 100 direction aligned along the coil axis.

This plot qualitatively mirrors the dc resistivity variation
of the copper with temperature-increasing resistivity causes
greater surface inductance and hence lower frequency. The
maximum at 8.9 K corresponds to the well-known Kondo minimum
in dc resistivity which results from 2 ppm of iron impurity
in the copper. The data in the region of minimum have been
plotted with increasing resolution in the two inserts. Upon
an 800-fold enlargement, the frequency noise of 2 x 10-10 parts
can be seen. The counter averaging time,which was normally
3 seconds, was increased to 30 seconds during the pass through

the minimum.
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Fig. 4 Calculated deviation of the oscillator frequency from f 2
i/2vrL.T (for the circuit shown in Fig. 2) plotted vs. tfe
total circuit dc bias cvvrent for different values of resonator
quality factor. The oscillation threshold is at Q = 485 and

a bias current of 350 UA. Where these curves are double-
valued, the upper portions give the steady-state behavior

while the bias current values at the end points of the lower
portions give the self-starting region of the oscillator at

each Q value.
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-OF 10/I/1976
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Fig. 5 Calculated rue amplitude of the fundamental Fourier component
of therf current in the diode (for the circuit shown in Fig. 2)
plotted vs. the total circuit dc bias current for different
values of resonator quality factor. For Q~values which are

twice as great as the threshold Q of 485 the limiting effect
of the diode non-linearities is particularly evident. The
interpretation of these curves where they are double-valued is

the ese as given in the caption of Fig. 4.
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USING THE CAPACITOR AS A SENSOR

GAS PRESSURE INLET

L p EXTERNAL FLUID SOURCE 0 PRESSURE GAUGE

TRAPPED H
3 

GAS 0 GAS THERMOMETER ABOVE I K

MECHANICAL LINKAGE 0 LINEAR MOTION

MASS LOADING 0 ACCELERATION

TO dc CURRENT SUPPLY AND
FREQUENCY MEASUREMENT

ELECTRONICS

Fig. 6 An illustration of how the capacitive region of a reentrant

resonator can be used in transducer applications.

451 1 1 1
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EXPANSION OF COPPER
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Fig. 7 The measured performance of our first prototype low-temperature
gas thermometer. Although the total frequency change was only

1% from I K to 315 K, the frequency noise of only 2 x 10
-9 

parts
permitted a temperature resolution of between 50 and 100 UK over

the whole temperature range. The effects of gas pressure alone
and of gas pressure plus resonator thermal expansion are also shown.
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USING THE INDUCTOR AS A SENSOR

TO dc CURRENT SUPPLY AND
FREQUENCY MEASUREMENT ELECTRONICS

I I
I i
I I
I I

- USE OF THE FREQUENCY PULLING OF A

MARGINAL OSCILLATOR INSTEAD OF ITS rf

x AMPLITUDE CHANGE ELIMINATES SYSTEMATIC
* x
* xx ERRORS CAUSED BY AMPLIFIER AND DETECTOR

* x
*CALIBRATION DRIFT.* x

- USE OF THE REENTRANT RESONATOR WITH

ITS CALCULABLE INDUCTOR GREATLY

S PREDUCES ERRORS IN THE SAMPLE

NMR SAMPLE o  Ho FILLING FACTOR.

Fig. 8 An illustration of how the inductive region of a reentrant
resonator can be used to measure absolute nuclear magnetic
resonance susceptibilities.
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FREQUENCY SYNTHESIZERS FOR AIRBORNE RADARS

F. W. Hopwood
J. P. Muhlbaier

H. Rossman
Westinghouse Electric Corporation

Baltimore, Maryland

Summary lock loops are necessary to meet noise and spurious re-
quirements, the switching speed makes necessary new and

The performance of coherent, multi-mode airborne special phase lock circuitry.
radars has become dependent on microwave frequency syn-
thesizers for the generation of transmit and local os- Inclusion of a downlook air-air mode requires a
cillator signals. phase noise floor of -120 to -125 dB/Hz at X band. This

is lower than most commercial synthesizers reach, but is
Various synthesizer techniques which might be similar to some communications needs. Spurious (-80 dB)

appropriate to the radar application are discussed, and low frequency stability requirements are comparable
along with a description of the Westinghouse "Building to those of general purpose synthesizers.
Block" synthesizers.

Stability Requirements
Phase noise is a driving consideration when se-

lecting the synthesis technique. The phase noise re- Raven' and others have described the requirements
quirements associated with the coherent mapping and for radar oscillator stability. Our intent is to re-
downlook air-air radar modes are discussed. Simple late them to quantities which are familiar to the RF
relationships between radar performance and synthesizer hardware designer, and to point out those quantities
parameters are presented, which most effect hardware decisions. We place parti-

cular emphasis on the stability problem since it, more
Certain radar modes require very rapid frequency than any other consideration, drives the choise of syn-

change and phase settling, over large frequency excur- thesis technique. It is important to note that there
sions. Since phase lock loops are required for noise are many synthesizer types that meet all of our re-
and spurious reasons, new phase lock circuit techniques quirements except phase noise.
are required to achieve the switching speed. A digital
technique for switching a phase locked synthesizer over The stability requirements are of simple origin.
80 MHz in ten microseconds is described, and data is In the downlook air-air mode, we wish to detect targets
presented. whose doppler frequencies differ from the large "clutter"

returns from the earth. Our stability requirement
The Westinghouse synthesizers are manufactured on arises from the fact that we wish to observe only small

polyimide glass which is a high temperature copper clad targets or receiver noise when the clutter returns are
material combining many of the best properties of thick at their maximum power level P CL The STALO phase noise
film and printed circuit technologies. It allows the floor produces noise sidebands on the clutter rmturns
use of chip, discrete, and packages and printed com- observed in the receiver. These must be small compared
ponents on the same assembly. Mechanical and electri- to receiver noise.
cal properties of the material are discussed, as well
as the packaging methods. This has the effect of imposing a maximum effective

multiplication ratio on the STALO, assuming that our
Introduction phase noise is that of a crystal oscillator and frequen-

cy multiplier. If , (f) is the crystal oscillator white
The performance of multi-mode airborne radars has phase noise floor, K OF is the receiver noise, N is the

become increasingly dependent on the use of microwave multiplication ratio, and PCL is the maximum clutter
synthesizers to generate the transmitted frequencies. level at the receiver front end, the STALO stability
The advantages of the use of multiple frequencies in- criterion is
clude reduced susceptibility to mutual interference,
as well as improved detection capability when used in N2(f) < KTF (1)
such applications as missile threat detection, ground x PCL
mapping, and terrain follow/avoidance. For example, if .. (f) is -165 dB/Hz, noise figure =

The requirements and mechanizations appropriate 2 dB, P = -50 d~m, the STALO noise floor must be
to the radar synthesizers differ in some important -122 dBz at X band and N must be less than 141.
respects from the general purpose synthesizers seen
in test equipment and communications systems. The The air-air mode also imposes a Q or bandwidth
most apparent differcnce is the required channel den- restriction on the oscillator. The oscillator half
sity. It is unusual for a frequency change of less bandwidth must be small enough so that the p hase noisc

than a reciprocal pulse width to affect radar perfor- floor is reached at modulation rates which are compat-
mance with respect to detection capability or mutual ible with the spectral width of the clutter returns.
interference. Since one microsecond is a typical pulse These are a function of aircraft velocity, antenna
width, we find that the radar synthesizer resolution characteristics, geometry, and other considerations.
is often five to ten MHz. General purpose microwave Typical X band air-air raciars require half-bandwidths
synethesizers usually have resolutions of about one of 2000 liz, which is not severe for VHF crystal oscil-
kHz. Radar fractional bandwidths are typically 2 to lators.
10 percent, while general purpose synthesizers might
cover a decade.

An important radar parameter is frequency switch- 'R. S. Raven, "Requirements on Master Oscillators for
ing speed. Frequency switching over hundreds of MHz Coherent Radar", Proceedings of IEEE, Vol. 54, No. 2,
in ten microseconds is typically required. Since phase Feb. 1966.
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The "Doppler Beam Sharpening" mode, used for air- microsecond round trip time and 30 dB dynamic range.
ground mapping, imposes a low frequency stability re- Typical sustaining circuit I/f noise is -120 dB/Hz at
quirement. We arrive at crystal Q requirements with a one Hz. This results in a loaded Q requirement of 350,
few simple considerations. This radar mode achieves which is certainly modest for crystal oscillator,
azimuth resolution by observing the slowly changing
doppler returns from off-boresight targets with a digi- We have assumed the frequencies of interest to be
tal correlator and filter band. Observations are made above those dominated by oscillator thermal effects.
over an integration time T.. The matched filter band- Most mapping radars have integration times of less than
width is l/Ti . If the system dynamic range is D, noise ten seconds. The lowest sideband frequency of interest
sidebands observed in the receiver must be at least (D) is then 0.05 Hz, which is generally within 1/f

3 
region

below the carrier in filter bandwidth 1/Ti, for rates for oscillators with modest temperature control.
greater than half the filter bandwidth. (See figure 1)
The phase noise requirement for independent noise It is convenient to measure the low frequency sta-
sources is then: bility in the time domain, using computing counter

techniques. Usin? the frequency - time transforms in
T (2) NBS Tech Note 632 , the time domain stability require-

2T D ment for common oscillators becomes:

Integration time Ti is function of resolution, aircraft Z2
velocity, and geometry, and may vary significantly. y2(T) < T D TiMI < T < TiMAX (9)
Allowing Ti to assume all values less than TiMAX results x RT
in:

For example, an X band coherent mapping radar with 30

1 1 (3) dB dynamic range and 250 microsecond round trip time
i 2Ti 2f requires low frequency stability of 5.9 x 10

-  
overTiAX observation times of perhaps 0.1 to 10 seconds (figure

Low frequency instabilitiesc_(f) appearing on 3).
both transmit and LO receive signiFicant cancellation
as observed in the receiver. The oscillator stability Synthesizer Building Blocks
requirement is relaxed by the amount of this cancella-
tion. The ratio of common and independent stability Westinghouse has developed a "Building Block"
requirements is: approach to the synthesizer problem. Several synthe-

sizers have been constructed recently, each from simi-
i(f) s

2  
( lar hardware, but having a diversity of performance

, c(f) = 4 sin ( fTRT parameters including operating band, channel density,
bandwidth, and switching speed. The use of common

TRT is the radar round trip time. The common "Building Blocks" such as crystal oscillators, fre-
phase noise requireemnt is then approximately (figure quency multipliers, and VCO's offers significant cost
2): and time savings, particularly for small programs or

emerging, highly competitively programs where new and
0(f 1 extensive hardware development can have severe impact.
c - 8TzDTRTzfV (5)

Airborne Radar synthesizers must need a diversity
for of requirements to serve the various radar system

modes. Some typical requirements which the "Building
1 1 Blocks" are designed to accommodate are:

2TiMAX WTRT e X band transmit frequency

and * 300 to 600 MHz coverage
a Phase noise flocr -120 to -130 dB/Hz

1(f) < l (6) 0 Short term stability: 5 x 10- 10 (0.1 to 10 sec)
c 8Df e 5 to 50 MHz channel spacing

e Frequency switching: 10 microseconds
for * Spurious: -50 to -90 dB

1f >-
TT There are a large number of synthesis techniques to be

RT considered for the radar application. An excellent

The modulation frequencies of interest generally survey of the subject has been conducted by Manasse-
lie in the 1/f0 region of crystal oscillator-multiplier witsch.

3 
While no one of the schemes he presents

sources, whose noise in that region is: solves the radar problem, we find that much of his
descriptive material is useful and his analyses of

F f ( phase noise and spurious are appropriate for deter-
4f)- 4Q 1 (7) mining whether a particular synthesis technique will

x meet the radar requirements. His analyses and measure-
ments verify the fact that many of the commonly used

Here, F is the transmitted frequency, Q is the crystal synthesis techniques fail to meet the radar phase noiseosilatrlode (fl)Us ste/ hsenieo syteitehiusaltoeethrarphsnie
osci or is the 1/f phase noise of and band cover requirements.
the crystal oscillator sustaining circuit observed at

modulation rate fl. Equating (5) and (7) results in
the crystal oscillator Q requirement: 'j. H. Shoaf, D. Halford, A. S. Risely; "High Frequency

Specification and Measurement: High Frequency and
Q > 2 F TT (a) Microwave Signals", MRS Tech Note 632, January 1973,x RT 2pp. 33-46.

Note that the Q is a function of round trip time and
dynamic range but is independent of map resolution. Mannassewitsch, V., "Frequency Synthesiers Theory
A typical X band airborne mapping radar has 250 and Design", John Wiley, 1976.



Figure 4 is an example of the frequency synthesizers limited to about 10 or 15 percent if reasonable spurious
have been constructed from an assortment of basic are required. This limits the available output band-
"Building Blocks". It is very simple in concept and width to about 100 to 150 Miz if commercially available
provides excellent performance in the airborne radar counters are used. While the Iterative Mix and Divide
application. The mechanization provides 18 channels synthesizer has a number of advantages, its bandwidth
spaced 20 MHz over 360 MHz at X band. The phase noise limitation makes it appropriate for only a limited
floor is essentially that of the crystal oscillator- number of radar applications.
multiplier. A noise floor of about -124 dB/Hz is
readily achieved. Those radars which require a large number of

channels spread over a large bandwidth can use a com-
The VCO, typically a Gunn device, provides the bination of synthesis techniques. Figure 6 describes

receiver first LO signal at frequencies 8640 t 10 a, a hybrid synthesizer which uses a simple mix and divide
where C takes on values (1,3,--17). The VCO is mixed synthesizer to obtain a narrow (5 MHz) frequency steps,
with the multiplier output (8640 MHz) to produce phase with frequency offsets to achieve large bandwidth
lock IF frequencies ranging from 10 to 170 MHz. These, (800 MHz). The mix and divide synthesis develops any
in turn, are mixed with 0 (dc current), 60, or 120 MHz, of 16 frequencies covering 80 MHz bandwidth near 450
then divided by 1, 3, 5 as appropriate. The resultant MHz. The VCO at about 8 GHz is converted to VHF, then
10 MHz second IF is mixed to I-Q video to develop phase compared with one of the sixteen mix and divide fre-
lock error signals. quencies. The difference is converted to 40 MHz usino

either dc, 160, or 320 MHz. Using this relatively sim-
The transmit frequency is developed by simply ple hardware, we obtain 160 channels spaced 5 MHz over

mixing the VCO frequency with 660 MHz, which is also 800 MHz at X band. The phase noise is essentially that
the receiver first IF frequency. The receiver second of the crystal oscillator-multiplier. A noise floor
LO (720 MHz) and third LO (60 MHz), as well as various of about -124 dB/Hz is typical.
system clocks, are generated by the multiplier-divider
chain. High speed frequency switching (less than 10 Frequency Agility
microseconds) is achieved by the use of a simple digi-
tal control mechanism, to be described later. Various A common radar synthesizer requirement is for ver"
peripheral features, such as passive or active chirp, rapid switching through psuedo-random patterns of trans-
clutter positioning, beacon offset, can be conveniently mit frequencies. The patterns may cover hundreds of
added as required by the specific radar application. MHz with switching times of five or ten microseconds to

five degree phase error. It is difficult to reliably
This synthesis technique, while not particularly switch conventional phase lock circuitry at the required

unusual, has the advantages of offering a fairly large rate due to dwell time limitations. The dwel. time
number of channels (18) while being simple and quite problem is described by Gardner! and others. K conven-
inexpensive. It has one significant limitation in that tional means for rapid frequency change is tc sweep tne
it cannot readily provide very close frequency separa- VCO to the correct frequency, phase iock, and use a
tion without forcing the phase lock second IF (10 MHz auadrature lock indicator to disable tne sweerer. The
in the example) to be too low in frequency. An IF of sweep rate must be such that the VC= dwells witnin a
much less than 10 MHz reduces the available loop band- loop bandwidth of the correct frequency for severa-
width, and results in slow acquisition time and diffi- (perhaps ten) reciprocal bandwidths. :f the VCC search-
culty in suppressing the VCO phase noise. IF's of 10 es linearly over bandwidth Bs for time T., to find loop
M4Hz and above result in 20 MHz channel spacing, and bandwidth BL, reliable lockup is achieved when
phase noise and transient response which are satisfac-
tory for many radar applications. Bs

- i0/B,-s
The "Iterative Mix and Divide" synthesizer des-

cribed in figure 5 finds application in systems which or
require channel spacing less than about twenty MHz. 10Bs
This mechanization consists of a casfade of N identi- 5 -

cal synthesis sections, resulting (4 ) channels. Each
section mixes its input at approximately F. with either For example, to search a 600 tuning MHz bandwidth usin;
of 3Fo, 3Fo  LF, 3Fo 0  2LF, 3Fo * 3LF. The sum of a 1 MHz servo requires about 6 milliseconds. This cow-
these is filtered and divided by four, then passed to pares unfavorable with our ten ricrosecond requirement.
the next stage. The final output can be at either Fc  One can reduce the search time by prepositioninc anz
or 4Fo . If the output is at F0 , the channels range restricting the sweep range. This, however, is done a:
from Fo to Fo + .F. Adding additional stages serves the expejse of temperature sensitivity and possibly the
to pack the output bandwidth more tightly, but does need for periodic "pot" adjustments which are generalli"
not change the bandwidth coverage, unacceptable for military applications.

This synthesis technique is particularly attrac- There are an array of analog techniques which nisht
tive for radar application for several reasons. The be used to hasten the frequency change. Various 4is-
final frequency divider limits the phase noise floor creminators, filters, detectors, etc. have been pro-
to about -150 dB/Hz if commercial counters are used. posed and investigated in some detail, and show some
Healey' reports that this can be significantly im- promise.
proved with a simple "cleanup" technique. The phase
noise floor is essentially that of the last counter, A more attractive approach has been tc use one of
regardless of the number of cascaded sections, since a number of digital control schemes, or possibly a cof-
additional stages phase noise is divided by 4,16 etc. binstion of digital and analog hardware. An important
The phase noise floor of a large number of stage is consideration is whether or not to use a dicital-tc-
only about 0.28 dB greater than that of one stage if analog converter (DAC), since one of the required
they are equal and uncorrelated. The more important resolution tperhaps 12 bits) might be prohibitively
limitation is that of available bandwidth, which is expensive in some applications. The use of a

D. J. Healey, personal correspondence 'Gardner, F.M., "Phaselock Techniques", John Wiley, 1966.
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suitable DAC and control logic can, however, yield ex-
cellent performance, Stability Criterion for Mapping Radar

A very simple fast acquisition scheme is described
in figure 7. It utilizes a fast sweep on the VCO, with
a conventional zero-frequency discriminator (ZFD) to
disable the sweep as the VCO is driven to the correct suk W .
frequency. The final phase lock employs I-Q mixers to iM orto
develop quadrature video. This drives logic level com- _L
parators and the "C" and "D" inputs of a "D" flip-flop. D.3T0 a 7t-DTi
This logic element functions by transferring the "D" I
input state to the output whenever the "C" input is
strobed. When the phase lock IF frequency WIF is above SIND Mo

reference frequency WR , the output is always "l". WIF
less than WR results in a "0". Thus, the flip-flop
changes state as the VCO is swept through WR. This dis-
ables the VCO and allows very rapid phase lock. Wave-
forms (figure 8) associated with such a scheme show I
that the ten microsecond switching time is readily 0 1 t----4' - . ql~ 0.0 tO 1 40 Typeal

achieved. Note that this type of mechanization avoids Fiter -- "
the need for alignment, does not require linear VCO Ti, % ~
tuning, and is quite insensitive to temperature changes. AkfO Vlocty. et

These features make it particularly suitable for mili-
tary applications.

Packaging Considerations Figure 1

The Westinghouse synthesizers are packaged using
polyimide substrates on aluminum web heat sinks. The
board material is similar to standard printed circuit
boards except that polyimide resin is used to bond the Frequency Domain Stability Requirement
layers of glass cloth. The result is a very high temp- for Airborne Mapping Radar
erature bond which does not melt at normal solder temp-
eratures as does epoxy. Chip resistors, chip capaci- COOmOOecW
tors, and other small devices can therefore be used, Y" _---< - _I

resulting in substantial size reduction. The material (dWH V
2 
TAT ,

is somewhat lossy, averaging 1.6 dB/wavelength from
100 MHz through X Band. While higher than desirable,
the loss is acceptable in many applications through
about 2 GHz since it is much less expensive to use than
alternates such as ceramic. Thermal conductivity of
the polyimide material is similar to that of epoxy D I I
glass boards, and is much less than ceramic. Conse-
quently, appropriate care must be used when using de-
vices with significant power dissipation. Dielectric Indl Ot "-
constant (4.8) is similar to that of epoxy glass.
Figure 9 is an example of synthesizer construction on
polyimide substrates. > I 0>I

Conclusion W, ' T tT

0.1 HzTVWMl 1270 Hs TVlWi Ty -20 p c 0

A family of frequency synthesizers for airborne
radars has been configured. The use of common
"Building Blocks" for various applications allows rapid Figure 2
and cost effective response to quick reaction or low
quantity applications. Rapid frequency switching is
accomplished by appropriate combination of digital and
analog techniques. The use of polyimide substrates is Time Domain Stability Requirement
cost effective, although its relatively high loss may for Airborne Mapping Radar
make it inappropriate for some applications.
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FREQUENCY TOLERANCE LIMITATIONS WITH LOGIC GATE CLOCK OSCILLATORS

John D. Holmbeck
Northern Engineering Laboratories, Inc.

Burlington, Wisconsin

Suimmary

Some expensive design errors are arising on a large If the oscillator is ideal, the crystal in this case
scale due tc lack of fundamental understanding of is not operating at series resonance. This is obv-
resonant circuit theory and its place in crystal ious to the crystal maker but not to many spec writ-
oscillator design by many designers of digital inte- ers and circuit "designers'.
grated circuits for clock oscillators. In some cases
they are adequate for their intended purpose but the In the case of the positive reactance oscillator,
published data sheets do not point out the limit- capacitors in the phase inverting network can be
ations. With better understanding of oscillator de- varied for frequency adjustment.
sign principles, most of these devices could be far (see figure 4)
more versatile at negligable, if any, increase in
cost. They should also be more completely character- So far we have covered only
ized in the literature so better informed decisions the ideal case, 180 invert-
can be made as to the suitability of a specific de- ere or OP amplifiers. With
vicetbr a given application, discreet circuits, the errors Figure 4

may be small enough to endure
First, it would be useful to have a brief qualitative if not ignore in many applications. Also, the cir-
review of the requirements for making a crystal unit cuit designers generally had enough analog background
function in an oscillator and how to best utilize to cope with such problems and the production feed-
its unique properties. back loop is fairly short so minor design correct-

ions can be made as the project goes on.

A crystal controlled oscillator can generally be de-
scribed as an amplifier with a feedback network con- With I.C.'s we have an entirely different situation.
taining a crystal resonator. To sustain oscillation, Most logic gates were not originally intended to be
the loop gain must exceed unity at a frequency at oscillators. Tiey can be used for that function with
which tie total loop phase is 2nff(n = 0 or some varying degrees of success provided they are properly
whole integer). The level will be determined by the characterized. There Is nothing Inherently wrong
self-limiting characteristics of the loop or an ex- with using a device for a purpose for which it was
ternal AGC circuit acting upon it. never intended, better known as Improvising. There

are two paths to success In such an endeavor. They
Crystal controlled oscillators can generally be div- are: 1: blind luck, 2: knowing what is Inside the
ided into two groups. Those that can close the phase "black box" and what to do about it.
loop with a resistor in place of the crystal are

loosely called "series resonant". No further comment will be made on method I because
The crystal is inserted in the I f everyone has their own system for dealing with It.

feedback loop to correct phase Even method 2 suffers from the fact that a number
instability with a minimum of A of people receiving the same Information, will not
frequency change. (see figure 1) necessarily draw the same conclusions from it.
The amplifier may be noninvert-
ing. It may also be an invert- Z In the case of the non-inverting oscillator, usually
er followed by a transformer, 0. made up of 2 inverters, especially in the case of
LC, or RC network or another I.C.'s where they are cheap and plentiful, the prin-
active inverter. Figure I cipal problem arises from two sources, phase error

and phase instability.

The other type is an inverting amplifier using the
crystal as a reactance (usually positive) in a phase I.) The Inverter usually does not Invert exactly
inverting feedback network. This is commonly (and 180

e
. For best stability the feedback loop

loosely) called a "parallel" or "anti-resonant" should be capable of closing only thru the
oscillator. (see figure 2) motional arm of the equivalent circuit of

I I I the crystal unit. Unfortunately In most

If some frequency adjustment is digital i.C.'s the phase error Is In the

desired on the first type of osc- -A wrong direction; making the oscillator app-

illitor, a capacitor C1. can be ear Inductive producing the situation shown

Inserted in series with the cry- [f 0CK In figure 7.
stal. To close the phase loop, | .lw |-
the crystal frequency will shift Leq
until Its reactanc cancels XC.

(see figure 3) AFigure 2RI

Figure 3 
Figure 7
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If the L Is very small so it resonates at With flexure mode units, usually below 100 K(z, the
a very hjh frequency with Co, It will cause extension mode can start faster than the desired
only a slight lowering of crystal frequency mode, in some cases preventing the desired mode
and not much else. As It gets larger it re- from starting, making It shift after starting or In
sonates closer to the operating frequency, some cases, operating on both modes simultaneeusly.
causing serious frequency shifts. Generally
L increases with frequency, adding to the Another frequent problem In the range of square DT
Pr.%lem. On some devices the frequency/In- cuts Is the strong extension mode at 2.28 times the
ductance curve is complex as in figure 8. main mode. Except near the upper frequency limit of

most gate type oscillators, they often start easier

60 Equivaleit Inductance vs. )perating Frequep at the higher frequencies.

80 The fast wavefronts also represent energy at freq-

_0_8224_uencies at which the reactance of C may be low en-
ough to cause trouble, even with farly Iow Lq.

Laq 30 One of the most popular TTL gate oscillator circuits

sLe4) 20 is shown in figure iH.

IC 1 00-

820 ICIA

2.) Being made up of amplifier phase delay, Leq
Is very unstable because it is a function of
the Instantaneous operating conditions on theaoplifier elements. This is bad enough with

circuits in which the capacitors and resist-

ors are conventional components, but when 220 150they are made up of active devices the re-
suits can be many times worse. Active react-

ances also generally are less stable with
temperature.

Both of these problems are compounded In the dual in- Figure 11
verter circuit because the surplus of loop gain that
is usually available makes it able to oscillate thru' If the Inverters were ideal It could be considered
most any feedback path if Leq is fairly large it a series resonance oscillator and putting a load
may free-run thruthe pin to pin capacitance on the capacitor in series with the crystal would make
IC, the leads to the crystal unit or CO on a dead the crystal operate as a positive reactance In
crystal. which case it would not be a series resonance

oscillator. In the usual gate IC the phase shift
In most of these circuits, when the frequency gets in an Inverter Is not 180' so the oscillator looks
high enough so the gain Is falling off enough to inductive at its terminals as shown in figure 12.
predict some Improvement, the phase delay has also
Increased Leq so the expected improvement does not
occur. Some IC makers have sought the answer to this o s
problem by having a computer design developed
for a crystal unit that will not be so susceptible 0
to frequency pulling by the oscillator. Unfortunate- Figure 12
ly the resulting designs are not very producible.

When TTL first became popular, starting was a problem
because the digital approach was to have an inverter In this case a capacitor must be put In series

either cut off or saturated. Many designers had no with the crystal to bring it to series as shown
background in the conditions necessary for an oscill- In figure 13.

ator to start. It took some time to convey the idea
that it had to be biased in the linear region to tC I  IC
start. Unfortunately on sam of the earlier devices, Los
variations from sample to sample and temperature made Al
reliable starting a serious question. Figure 13

For the oscillator to start, the loop must contain
sufficient noise at the proper frequency and hope-

fully not too much at some other frequency where
the gain-phase loop could close. Fast switching is With an appropriate capacitor range, the crystal
not the secret of success in this case, even If It can be tuned either side of series resonance.

is the "il" thing in digital circuits because most
of the unwanted responses of a crystal unit are
higher In frequency than the desired ones.

391



At first glance this looks like an ideal situation The data sheet on the 8224 does acknowledge a "small
but it is not, for a number of reasons. The prin- problemf' with the following footnote. "When using
cipal problem is the Instability and scatter of the crystals above 10 MHz, a small amount of frequeocy
oscillator Inductance. Also, the Inductance usually trimming may be necessary. The addition of a small
Increases with increasing frequency, so the capacit- capacitance (3 to IOpf) in series with the crystal
or required to cancel it would rapidly approach CO  will accomplish this function". In view of the data
and may be even smaller. shown, this seems to be understated.

A good example of this problem is shown in figure They also sanction overtone operation with the state-
14 on the 8224 which is promoted as the standard mant that overtone mode crystals generally have much
clock oscillator for the 8080 microprocessor. lower "gain" than the fundamental type so an external

LC network is necessary to provide additional gain
60 quivale t Induct nce vs. perating Frequen for proper operation. Experience with this device

so TP indicates such operation is precarious at best. With
8224 2 MHz crystals it operates only on the 3rd overtone

40 at 6 MHz because the waveform has so much more energy
at the higher frequency.

(,ON) 20 .Some manufacturers of the 8224 have found that it is
IC I possible to improve these shortcomings somewhat with

10 -only minor changes, but it is still suitable only

01 IC_2 __Hz _ O_ for loose tolerances.

Figure 14 Improvements requiring drastic changes in IC's are
very expensive and take many months to put into pro-

The next two slides show what happens to crystal duction. In the meantime large quantities of the
performance with this type of device and what pro- existing devices are in circulation, so the only
duction spread from one manufacturer looks like. solution is to provide adequate and accurate infor-
Some manufacturers hold better tolerances than mation on their limitations. This should induce the
others but the data sheets do not specify the fact- IC makers to do their design work and data sheets
ors critical to oscillator stability or operation, more thoroughly. Many of these problems could have

8224 ICI been designed out Initially at minimal cost compared
to the detours to which their customers are unexpect-

S edly subjected.fs Af Af Leq *CLS To

I (P) Cancel Another popular clock oscillator is the 12060L.

( Leq(pf) Fortunately the manufacturer has published consider-
able information on its behavior as an oscillator

2 OPERATES ON 3RD. OVERTONE but figure 18 presents more useful information and
represents the average of several units. The pro-

4 -156 -39 6.8 233 duction spread is not as bad as many other devices.
This device gets into serious problems at a fairly

8 -2958 -370 13.8 29 low frequency. For higher frequencies the 12061L
a- is suggested. Its behavior with frequency is shown

10 -6776 -678 18.1 14 in figure 19.

12 -12200 -1017 28.2 6

S1-59318 -3637 E - 30 E VALENT INDUCTA ICE
18 NT CRYSTAL CONTROLLEDVS PRTIFEQNC

8224 IC2

fsLI To hCIjO60L

fs f Af Leq CL' 200

(MHz) (Hz) (PPM) (,Ah) Len(pf) Z

2 OPERATES ON 3RD. OVERTONE

4 ,21 Leq
4 -214 -53 9.A. 170 ()MH)

8 -7455 -932 50.8 8

t0 -8506 -851 25.2 I 400 60 800 1000 1200 1400 1600

12 1-16503 -1376 54.8 3

16 -171947 -10541 Figure lS

18 NOT CRYSTAL CONTROLLED *CL1 Is capacitance required to cancel Leq, bringing
circuit to series resonance. Not to be confused
with CL, which Is to raise frequency above series

Figure 15 resonance.
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Figure 19 Figure 22

Note the peak at 4 MHz. It can be seen from this A further problem common to the 124 as well as the
that 7easurements made only around 2 MHz or over 4201 and S1856 is severe frequency shift with changes
8 M4Hz can give an unrealistically optoinistic pic- of crystal resistance. None of these effects are
ture if any part of the application is near 4 MHz. listed in the literature.

The 14410 OS series is an example of a good device The data presented so far describes the primary pro-
with a deficient data sheet. For example, for I M4Hz blems with these relatively new devices. Some of the
it says: Crystal Mode - parallel. The crystal mode attempted solutions (with varying degrees of success
is fundamental,thickness sear. It operates in what is or failure, depending on point of view) provide an
loosely called a parallel circuit but nowhere does interesting coimmentary on the clash of outlook bet-
it give the load capacitance, which is important to ween people of varying technical vintage.
frequency calibration. It does give Co as "7pf typ-
ical'' which is doubtful. Few 1 MHz crystal units in Take for example, the designer who needs a calibra-
the HC-6/U enclosure run much over 3pf. Electrodes tion tolerance of +IOOPPM for his system, so he ord-
large enough t- provide 7pf at I MHz would barely ers crystal units to a ±5OPPM tolerance and plugs
fit in t'Ae can. them into a device that gives a production spread

of .5OOPPM. The obvious solution is to tighten the
No mention i4 made of the fact that an improvement crystal tolerance - but the question is "How much"?
can be made in stability on this unit by adding cap- There is a basic lack of understanding of how a cry-
acitors from each side of the crystal to common, and stal or any other tuned circuit controls frequency.
the resulting effects. While this may be of little
consequence in the application for which It was in- Some crystal manufacturers attempt to simplify infor-
tanded, it is often put to other uses and such mation exchange with customers by publishing a list
basic data should be provided. of crystal unit part numbers versus IC types for

which they are recommnended. For the devices with
Another device that needs bettar published data is reasonable characteristics and systems with wide tol-
the 74SI24 family which is basically a VCO but with erances this has some virtue. It also has some draw-
a data sheet that suggests its use as a crystal con- backs. It gives no clue as to the performance that
trolled clock oscillator as well. Results are shown can be expected, nor does it reveal the magnitude of
in figure 22. the differences between types which might allow a

different choice of IC if the first one turns out
15 EI UIVA ENT IND LTAN E to be inadequate. It also implies that if you order

VS, OPE TI G F QUEICY that part number crystal unit for that IC, your
troubles are over, when they have only begun.

The whole IC data situation needs drastic upgrading.
10 "One of the best is the RCA Application Note ICAN-

S12? 6539. While it has some minor errors, if they were
II2, all that thorough, the savings of time and money

Leq would be well worthwhile. It was done by an engineer
HIC 2 who did his homework, not by an advertising agent or
5 marketing department clerk. In the words of an old

SIC 3 Eimac satire vacuum tube data sheet, "Tests conducted
in our sales department show that the performance is

0 -"twice as good as you will find It to be".

10 12 14 16 18 20

Figure 21
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Much confusion is generated by new and original names With the IC this process has been moved to a stage

or Abbreviations for well known terms. This is a where changing one unsuitable component in a device

quick way to identify questionable data. If the for one. application is expensive, takes several

writer Is not familiar with the terms he is using, months and may make It unsuitable for another app-

the information has a high probability of being wrong, lication into which it has already been successfully

incomplete or misleading. A prime example is such designed.

terms as C. or Cm for the motional capacitance of a

crystal resonator. IEEE and IEC standards list it as In the case of devices developed and used for a spec-

C1 and for good reason. Original abbreviations often ific purpose, it is difficult to rationalize some of

turn out to have other meanings already established, the designs now in use, especially without the limit-

Fur example Cm is modulus of compliance. ations carefully spelled out in the application data.

Some of the worst examples are casually mentioned,

as if they were no real problem at all.

One example of the difficulty this can create is as

follows: Microprocessors are a convenient tool for

handling the complex combinations required in freq..

CT uency synthesizers. The microprocessor system has

its own clock oscillator, so why not use it as the

R I  
time base for the frequency synthesis? After the

system is designed is an expensive time to discover

that the clock oscillator stability of IO
5
/6C Is

L not satisfactory for the carrier on a single side-

I] band system.

There are some very good devices on the market in

which the design was done or assisted by people ack-

nowledgable In oscillator theory and requirements.

These generally are also better characterized in

the data.

.s - FREQ. OF RESONANCE OF SERIES AR In summary, a quartz crystal resonator Is an analog

rm = FREQ. OF MIN. IMPEDANCE and not a digital device. To use it with a digital

f' - FREQ. OF ZERO REACTANCE AT RESONANCE device, a number of factors must be taken into acc-

a = FREQ. OF ZERO REACTANCE AT ANTI-RESONANCE ount that can be treated more lightly or Ignored

- FREQ. OF MAX. IMPEDANCE when using only digital devices.
fp FREQ. OF PARALLEL RESONANCE

To arrive at a given frequency, the phase shift bet-

ween the oscillator terminals must be considered an

Quite a number of crystal manufacturers make the integral part of the frequency determining network.

same error. Near the back of the Symposium proceed- In order to do this, the device must be properly

ings is a list of the standards with which specifica- characterized. Ideally this should be done by the

tion and technical data sheet writers and engineers IC manufacturer In the configuration recommended and

should be familiar. They give terms and definitions become part of the published data. Above all, it

as well as abbreviations, should be correct. The IC maker should also realize

that there are limits to the range of attainable

Another area that needs attention is drive level. It crystal parameters just as there are limits to the

may or may not be a problem in a given application, range of semiconductor parameters. The data should

The number of crystal specs for IC's or IC data sheets also Include signal levels at the crystal terminals

that have obviously taken their drive level figures as well as a bibliography of good references.

from MIL-C-3098 is an Indication that the people In-

volved have not determined the level to be expected Certainly the technical facts presented here are well

In their circuits, In many cases they represent the known in the crystal Industry. What is not so well

state of the art in an era when crystal oscillators appreciated is the magnitude of the problems des-

produced watts of output from a 300+ volt supply and cribed and how rapidly they are proliferating. The

the transistor had not yet been developed. They are digital Industry has given us many marvelous new

not necessarily appropriate for the latest devices of developments but the rapid expansion of digital

today. A missing drive level spec Is better than an knowledge has in some cases obscured the principles

erroneous one. upon which it was built. If analog and digital

people are to accomplish things together, each of us

The "engineer of yesteryear" also discovered the fact must learn some of the other language or find a good

that at some frequencies capacitors are Inductive, translator.

inductors are capacitive and resistors can be either
or both - and active devices all 3. plus negative re-

sistance. Thus, stray resonances could tur.i up un-

expectedly and usually did. These problem were

resolved in the process of putting the components to-

gether into a specific device for a specific purpose.

If one component resulted In a problem In a given

situation, it would be replaced in minutes, and a

design change was complete except for the paperwork.
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THE AXO - MONOLITHIC CRYSTAL OSCILLATOR

T. LUvMORE AND D. E. NEYELL
CTS KNIGHTS, INC.
SANDWICH, ILLINOIS

The Propagation delay of the device is

Summarvy an important parameter since it is a deter-
mining element in the oscillator's frequency

A new type of hybrid circuit crystal stability. The slope of the resonator phase

controlled clock oscillator has been devel- versus freouencv curve is steepest at the

oped. The foundation for this approach has 00 and 180' points. An' device delay shifts

been provided by the efforts of W. Shockley, the operating frequency lower and into a
W. D. Beaver, W. L. Smith and others as pre- portion of the phase curve with a lower slope,
sented in previous frequency control sympos deteriorating the stability of the unit. In

ia. addition, if the gate displays a large prop-
agation delay it will generally have large

The circuit essentially consists of a variations in that delay as a function of

logic gate biased in its linear region such variables as supply voltage, temperature,

(which serves as the gain element) and a and time. This will produce shifts in phase
monolithic coupled dual resonator for the at the initially lower slope Point in the

frequency selective feedback path. The de- curve. Obviously this results in major

vice is called a monolithic crystal oscill- fluctuations in frequency as a function of

ator (MXO). The MXO utilizes hybrid cir- the variables mentioned. The Schottkv NAND

cuitry resulting in a new type oscillator gate typically exhibits only 4 nanoseconds

which equals the performance of existing of delay.
clock oscillators in general, surpasses

their performance in some areas and remains Since low input and output impedances

very economical to construct. This paper are important in preserving the response Q,
discusses the design considerations and pre- the Schottky gate receives another plus. The

sents test data from several groups of MXOS. output impedance of the device in this appli-
cation is typically less than 50 ohms. The

REVIEW OF COUPLED RESONATOR input impedance, though highly nonlinear and
thus a function of drive amplitude, is roughly

The crystal designed for this oscill- 300 ohms and slightly capacitive for the
ator is an acoustically coupled dual reson- levels which normally occur in this applica -

ator. It basically consists of two single tion.
resonators on a quartz wafer, with a coup- The method of linearizing the gate con-

ling coefficient which is determined pri- sists of a negative feedback bias utilizing
marily by the plating configuration. Fig- two resistors (see Figure 2). The value of
ure 1 shows the amplitude and phase versus R2 is chosen to insure that the gate will re-

frequency plot of a crystal near the main in its transition region. The purpose

standard IF frequency of 10.7 MHz with a of RI is to establish a DC level at the gate
bandwidth between the symmetric and anti- input which will provide 50/50 symmetry at

symmetric modes of approximately 12 KHz. the output. The circuit parameter sensitiv-

(For this application the bandwidth is not ity to these resistors is low resulting in

a critical parameter). As one can see the loose tolerances for both. To maintain a

crystal displays 1800 of phase shift at plus or minus 5 per cent symmetry band R1

the symmetric point of minimum attenuation must be maintained within 10 per cent and R2
and 0. at the antisymmetric point. It is within 20 per cent.

obvious that either an inverting or non-

inverting amplifier could serve as the gain The gain and phase versus frequency
element in completing an oscillator circuit. characteristics have been empirically deter-

One should also note that the source and mined from evaluation of many 74S00 gates

load impedance to the resonator should be biased in the above manner. Figure 3 dis-

kept at a minimum to preserve the circuit plays the typical response seen. The gain

response Q, since they are directly in curve data was taken by driving the gate

series with each resonator of the coupled amplifier at low amplitude input levels which

pair. did not drive the device into a nonlinear
output mode. The phase data was determined

THE CIRCUIT at a drive level which normally occurs during

oscillation. Source and load impedances to

For our purpose a Schottky TTL NAND the device were 50 ohms in both cases. From

gate was selected as an inverting amplifier data taken over a 6 month period, it appears

element. The remainder of this paper will that the maximum deviation from this plot is

be restricted to that device although many typically 25 per cent for the gain response

other inverting and noninverting gates and 30 per cent for the phase curve.

available could be conaidered. The Schottky
NAND gate was chosen for several reasons.
It possesses a small propagation delay, the
input and output impedances are relatively
low and it enjoys a wide market resulting
in a low purchase cost for the device.
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TEST DATA CONCLUSION

At this time many MXO's have been manu- In conclusion, the authors believe that
factured in both coldweld TO-8 and ceramic the MXO, with a total of only 4 components,
dual-in-line packages. The total circuit the crystal cost not being significantly
consists of the oscillator previously des- higher than standard single resonators of
cribed and a gate connected to the oscillator similar quality, is a very economical design
output for isolation. Hybrid thick-film to manufacture. Also the design maintains
construction techniques were used in that high standards of performance relative to
the resistors and interconnections were most TTL system applications.
screen printed onto a substrate and a 74S00
IC was epoxy bonded to the substrate and BIBLIOGRAPHY
electrically connected via wire bonds. An
open crystal was then mounted onto the sub- Beaver, W.D., "Theory and Design of the
strate and final ad-usted in the circuit Monolithic Crystal Filter", Proceedings
with vacuum deposition techniques. The seal of the 21st Annual Fre uency control

was accomplished with a coldweld process for Symposium, Fort Monmouth, New Jersey,
the TO-8 and a ceramic cover was epoxied to US Army Electronics Command, 1967,pp179-199
the dual-in-line unit.

Johnson, R.A., "Mechanical Bandpass Filters":
Several units were pulled at random Temes and Mitra, (editors); Modern Filter

from the manufacturing line and the data was Theory and Design, New York, Wiley, 1973,
collected which is presented here. Figure 4 Ca pter 5, pp. 157-210
exhibits the mean, standard deviation and
range for a frequency versus supply voltage Shockley, W., Curran,D.R.,and Koneval, D.J.,
test. The upper set of data represents the "Energy Trappings and Related Studies of
maximum deviation from the nominal frequency Multiple Electrode Filter Crystals",
at 5.0 volts. The lower set is the total Proceedings of the 17th Annual Frequency
change in frequency from 4.5 to 5.5 volts. Control Sy sium, Fort Monmouth, New
Figure 5 displays the statistics of rise Jersey, US Army Electronics Research and
time and fall time tests (between the .4 Development Laboratory, 1963, pp.88-126
volt and 2.4 volt levels) as a function of
temperature variation. Figure 6 shows duty Smith, W.L.,"The Application of Piezoelectric
cycle data as a function of both supply volt- Coupled-Resonator Devices to Communications
age and temperature. Figure 7 presents the Systems", Proceedings of the 22nd Annual
start-up characteristics of the oscillators. Frequency Control Symposium, Fort Monmouth,
The first portion of data was collected from New Jersey, US Army Electronic Command,1968
a measurement of time delay between the app- pp. 206-225
lication of a step in voltage (from 0. volts)
and the presence of a full waveform at the
output terminal. The second portion of the
data represents the supply voltage at which
the unit first begins oscillating when a slow
ramp is applied to the supply terminal. Fig-
ure 8 exhibits frequency versus temperature
data. Obviously this is primarily a function
of the particular cut of the crystal. Actual
contribution of propagation delay shift was
measured by isolating the crystal in a sta-
ble temperature environment and varying the
temperature of the remainder of the circuit.
Typical frequency shift from 0"C to 700C at
10 MHz was found to be less than 3 parts per
million (ppm). Aging data is shown in Figure
9-for units assembled in a coldweld TO-8
package. The rates are primarily a function
of sealing processes but delay shift with
time was also a concern. Several of these
units were opened at the conclusion of this
test and propagation delay was found to have
shifted a maximum of 6 per cent. Power drain
information was also gathered over a period
of time from over 1000 units. Typical
supply current was 16 milliamperes (ma) and
the absolute maximum drain from the supply
at 5.5 volts was 30 ma.
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LINEAR CRYSTAL CONTROLLED FM SOURCE FOR

MOBILE RADIO APPLICATION

by

R. Arakelian
Iran Electronics Industries

and

M. M. Driscoll
Westinghouse Electric Corporation

Summary

In connection with a VHF mobile radio This deviation corresponds then to +29 to +38
design effort at Iran Electronics Industries, ppm transmitter carrier shift. Minumum
a narrow deviation voltage controlled crystal standards establised for VHF mobile trans-
oscillator (VCXO) circuit has been developed mitters specify 10% maximum modulator
that exhibits near linear tuning charac- distortion and 0.0005% maximum carrier drift
teristic and, unlike previously reported over an operating temperature range of -30
circuitry, is extremely simple and straight- to 60°C.2

forward in design and highly economical
with regard to material and fabrication costs. Carrier long term stability requirements

are such that the transmit (and receiver local
The design principle makes use of a oscillator) frequencies must be crystal

linear reactance modulator incorporating controlled and that either temperature com-
abrupt junction varactor diode developed by pensation or control of the crystal unit(s)
M. Driscoll and previously reported by is required. Largely due to size and power
Driscoll and Healey in connection with the consumption considerations, temperature
design of a wide deviation VCXO for radar control is an unacceptable alternative, and
application. Because the total oscillator temperature compensation is employed even in
tuning requirements are only on the order less expensive commercial transceivers.
of I part in 105 however, much of the circuit
complexity has been eliminated, and the The most common means employed for
problem of interdependence between linearity temperature compensation of the quartz crystal
and center frequency adjustment has been unit involves modification of the crystal
solved. Network equivalence theorems have oscillator circuit for voltage tuning, coupled
been utilized to reduce the total number of with the use of thermistor networks designed
required circuit inductances to only one, and to provide a temperature dependent voltage
the composite resonator has been re- characteristic that "tunes" the oscillator
configured to operate on the series resonance so as to cancel its frequency drift with
of its impedance characteristic allowing temperature.
simple means for prevention of oscillation at
spurious network resonances through the It would appear that since voltage
addition of a single resistor. tuning of the oscillator is required for

temperature compensation, this capability
Laboratory measurement of transmitter could also be utilized for required audio

FM distortion using a number of FM oscillator modulation of the transmit carrier frequency
modules reveals repeatable achievement of as well. This is usually not the case with
less than 0.5% distortion with linearity transceivers on the market today however,
adjustment and less than 1 % without any because previously reported means for
adjustment. Also, the achievment of linearization of the oscillator tuning
repeatable linear tuning characteristic has characteristic have proven too complex to be
simplified the oscillator modules so that cost effective. Instead, phase modulation of
required temperature stability is obtained a fixed frequency carrier is employed. Due
by addition of NTC capacitors to the oscil- to the high modulation index required at low
lator circuit and a single simple 3 point audio rates (even at sub-multiples of the
thermistor compensation circuit that is final transmit frequency), it becomes
easily designed and provides simultaneous necessary to use several cascaded phase
temperature dependent compensating voltage modulators, each providing typically less
for all radio oscillator modules. The than one radian peak phase excursion. Also,
oscillator design also allows for direct de-emphasis circuitry (in addition to the
parallel connection of multiple modules usual pre-emphasis plus limiting circuits)
(for multichannel operation) having must be included for simulation of true FM.
commonly connected tuning input and signal Clearly, if the problem of inexpensive means
output ports. for linear crystal oscillator tuning could

be solved in a way that would not degrade
introduction oscillator frequency stability or increaseoscillator size and complexity, direct FM as

The upper VHF band allocated for mobile well as temperature compensation could be
radio communications covers the frequency achieved with significant reduction in
range 132 to 174 MHz with +5 KHz deviation overall transceiver cost and complexity.
standard for narrow band FM systems.1
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1

Backgroud -Y3L2 C

In 1967, one of the authors devised a 2L2C 2 (4)
scheme for the designe of a crystal-controlled L42 C2 -1)V
voltage-tunable, composite resonator that
exhibited near linear relationship between Letting d2X/dV2 = N(V)/D (V), and setting
applied tuning voltage and composite N(V = 0 ( at the inflection point:
resonator resonant frequency. The resonator
design was based on the development of a 2 7 2
linear reactance modulator incorporating WL = L 2 (V L 2 = 5
abrupt junction varactor diodes. The main
objective of that effort was directed by or, in terms of the 4-volt capacitance:
Messrs. Driscoll and Healey towards the
successful development of a wide deviation L = 21 \ 1i+T (V + 0 Y7  (6)
voltage controled crystal oscillator (VCXO) 2 _\-?/- 4 + 0
capable of 0.1 to 0.5 percent tuning for \W_ 4 )
radar application.3 The resulting circuit,
while highly successful, was more complex Setting = 0.5 and rearranging terms:
and costly than the type of oscillator
circuitry employed in modern mobile trans- 3 f 7+)
ceivers. Much of the circuit complexity L2 = --- '-- 4 + (7)
resulted however, from the servere perform- 2 -_ 4

ance requirements, including the requirement
for relatively large tuning range. Substituting the expression for L in

equation (5) into equation (4), w find the
In connection with a mobile transceiver expression for the slope, K2 , of the

development program conducted at Iran reactance characteristic at the inflection
Electronics Industries, the potential point:
for use of the linear reactance modulator
concept in the design of a simpler, narrow dX r 11 r(i+Y)2][ l
deviation VCXO was investigated. = K2= [ -2-WP] (8)

Again, equation (8) may be written in terms ofLinear, Narrow Deviation VCXO diode 4-volt capacitance:

Composite Resonator

Figure 1 shows the reactance versus K = - [ 1 . ] [7+7) 2 (Vo+)l7-1 (9)
voltage characteristic exhibited by an 2 W 4I 4 1 (4+0)'y
abrupt junction varactor diode whose ca-
pacitance is given by:

Fort = 0.5:
C2  KV ( a (V ( 2 8 0 9Vo+'1) (10)

where V = the applied tuning voltage, Va plus Figure 3 shows the reactance versus
the contact potential, v 06 volts. For the frequency characteristic for the crystal unit
abrupt junction diode, 7f0.5. These diodes with static capacitance, Co , antiresonated by
are usually specified in terms of the 4-volt means of a parallel inductor, Lo . In the
(applied voltage) capacitance, where: vicinity of crystal unit series resonance,

the reactance characteristic is near linear
C2 = 94 -V- (2) and is given (approximately) by:

Figure 2 shows the reactance versus K1 . 2L1  ohm-sec/radian (11)

voltage characteristic exhibited by a parallel From figures 2 and 3 it can be seen
diode/inductance combination. As can be seen that if the networks of figures 2 and 3 were
from the figure, there is an inflection point connected in series, as shown in figure 4, the
in the characteristics (shown where the ap- resulting network would exhibit near-linear
plied voltage m Vo), and the characteristic relationship between series resonant frequency
is near-linea in the vicinity of the inflec and tuning voltage (shown for a tuning voltagetion point. The expression for the reactance ag fV oV ndafeunyrne-of te crcui offigue 2is:range of V1 to V2 and a frequency range I
of the circuit of figure 2 is; to "2 in figures 2 and 3, respectively), with

overall resonance occuring slightly above
__L_ 2 (3) crystal unit series resonance. The resultingWzL 2  (3) tuning sensitivity given as:

Differentiating with respect to voltage: - ( 2-1) /(V 2 - Vl) ralians/volt.sec

SL2( 2L2 KV(12)
2 0- 2  We can also write:

dX/dv K2  (wL2KV -12\ K2 = 1 K0  ohms/volt (13)
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Substituting from equations (10 and (11), we course, once C3 through C6 have been selected,
can rewrite (13) as: their effect in modifying the apparent

values of crystal unit parameters can be9 _ ]I 1 ]=2KoL1  predicted and accounted for in the design
- [ o 4(14) of the composite resonator. It should be

['T 4J IVo+4+0J appreciated here that an additional inductor
could be placed in series with the crystal

or, unit to tune out the reactive portion of the1--6 > 4( 1sustaining stage input impedance, or, for

L1 = 9(1 1 that matter, of both the sustaining stage
T6oK0  4)( + (4+ (15) and modulator capacitive reactances

0 (permitting operation about the series

resonant frequency of the crystal unit).
Equations (15) and (17) comprise the For reasons previously listed however, this

basic design equations for the narrow was not done for our application.
deviation VCXO composite resonator.

As can be seen from figure 6, the crystal
In an effort to minimize the number of unit is now effectively "loaded" by a net

circuit inductances (since they are usually capacitive reactance due to the sum of the
the least stable, lossiest resonator compon- reactances of the modulator, center trequency
ents, and do not lend themselves to miniatur- adjustment, and sustaining stage circuits.
zation), we can, as shown in figure 4, combine The equivalent load capacitance due to these
LO and L2 without effectively altering the is easily computed, and the crystal unit
resonant frequency versus voltage character- frequency(nominal oscillator frequency) is
istic of the dipole, as long as the series specified with the appropriate value of
resonant frequency does not approach the nominal load capacitance.
parrallel resonant frequency of the crystal
unit. Figure 5 shows the reactance versus Design Example
frequency characteristic for the circuit of
figure 4(b). As can be seen from the figure, Figure 8 shows the actual schematic
in addition ot the desired resonance at wo diagram for an FM source designed to operate
there is an undesired or spurious resonance at 12.5 MHz with a nominal tuning sensitivity
at w below wo- We will deal with the of 250 Hz/volt and a maximum tuning range of
problem of suppression of this spurious + 500 Hz. As a starting point in the design
resonance later in the paper, procedure, the value for crystal unit motional

capacitance of 0.02SF was chosen. This type
The Sustaining Stage of crystal unit will have CO 250C = 5 pF,

and a reasonable value for crystal unit
Figure 6 shows, in generalized form, the series resistance lies in the range 15 to

connection of the composite resonator to the 25 ohms. L1 for the crystal unit = 8.1057 mH,
sustaining stage to form the oscillator. The so that the reactance slope in the vicinity ofsustaining stage acts as a negative resistance series resonance - 2L1 = 0.0162 ohm-sec/generator whose input impedance is given radian. Choosing C4 = 82 pF and C3 = 15-60
ideally by: pF will therefore provide a reactance

IL _1 + ) I variation of 40 ohms for center frequency ad-
IN - C w2 (llgm+RE (16) justment; more than enough to accommodate a

5 6/ CC ~E) a + 0.001 percent adjustment range. C -

C6 = 220 pF and RE = R5 = 22 ohms (with gm
The second term of equation (16) constitutes 0.2mohs at 5 mA transistor current) will pro-
the negative resistance term. RE constitutes vide a negative resistance of approximately
a form of local negative feedback which may 93 ohms. The oscillator excess gain will
be included in the circuit in order to therefore be on the order of 10dB, assuming a
stabilize the negative resistance term covosite resonator net series resistance of
(and thus the excess gain of the oscillator) approximately 30 ohms (primarily due to losses
against variations in gm.4 Also shown in in the. crystal unit, plus additional loss
figure 6 is a variable reactance (C3 , C4 ) introduced by R6 ). R is included in the
which has been included in the circOit to circuit as an extremety simple means of pre-
provide a means for center frequency adjust- venting Oscillation at the spurious resonance
ment of the oscillator. The net reactance of the composite resonator (wo in figure 5).
due to the center frequency and sustaining This can be explained as follows: Over the
stage circuits "seen" by the composite desired tuning range of the oscillator, the
resonator is capacitive and has negligable maximum reactance exhibited by the crystal
effect on the linearity or tuning sensitivity unit is on the order of 500 ohms. With R =
exhibited by the composite resonator, so 33 Kohms, the maximum equivalent series 6

long as this reactance is small compared resistance due to R is only 7 ohms. At the
to that of the crystal unit static capa- spurious resonance however, the reactance
citance. This is illustrated in figure 7. of the crystal unit is substantially that of
As shown in figure 7, the effect of a capaci- its static capacitance (approximately 3700
tive load is to chage the apparent value of ohms), and the equivalent series resistance
crystal unit motional inductance (proport- introduced by R6 is on the order of 400 ohms.
tional to K and thus tuning sensitivity), Since this is much larger than the negative
as well as Apparent static capacitance. Of resistance qernerated by the sustaining



stage, oscillation at the spurious resonance frequency. Because the teirperature compen-
is prevented. sation requirements are so modest, a rela-

tively crude and simple means can be employed
The net capacitive reactance due to C3  for temperature compensation of the oscillator

through C is on the order of 225 ohms, modules(s).
corresponAing to an equivalent capacitance of
56 pF. From figure 7 therefore, the apparent Table 1 indicates the various values for
values for crystal unit motional inductance temperature coefficient required in C and
and static capacitance (as "seen" by the C6 of figure 8 in order obtain nominal zero
modulator) are 8.83 mH and 4.6 pF, respec- temperature coefficient at room temperature
tively. Choosing a.nominal varactor bias of in the oscillator frequency temperature char-
Vo = 5.6 volts, and solving equation (15) acteristic. Figure 13 shows the resulting
for C temperature characteristic, with the shaded

9 area representing the region of uncertainte
C 4 -16 (2w) due to non-exact coefficient in C5, C6.

6 4, (-250HZ/t) Also, shown in the figure is the required
three-section thermistor correction

1 1 characteristic required for oscillator
6 __3__v__6__ compensation at the low and high ends of the

2v (12.5 X 10 ) (8.83 X 10- ) V(6.2) (4.6) temperature range. This type of character-
97pF istic is extremely easy to achieve with the

use of the~circuit figure 14. In the cirduit
of figure 14, at the low temperature portionThis is close enough to the standard value of of the operating temperature range, Q3 is

100 p7, so that a 100 pF diode is selected, biased off due to RT2 , and the voltage-
Now, frbm equation (7), temperature response is determined by

L3 5.6+.6 RT1 . Over the mid temperature range,
2 = V 6both Q1 and Q are biased off, and the

output boltage is fixed at a level
=5.65pH determined by R3 through R6 . Similarly,

at the high end of the operating tempera-

The crystal unit apparent static 6apacitance ture range, Q1 is biased off, and the
is 4.6 pF. Therefore Lo= 35mH L c circuit response is governed by RT2L2  variation with temperature. Although the
the parallel combination of L ; 5.15 mH and compensation circuit offers very coarse
Lo - 35yH or 4.86uH. A moldei choke having three section straight line compensation,
an inductance of 4 .7 0H was used for L2 . it is extremely easy to design using

two identical thermistors having non
Figure 11 illustrates the method critical R-T characteristic and can be

selected fo extraction of signal power from used to provide simultaneous compensating
the oscillator module and also indicates the voltage for all radio oscillator modules.
mpans of combining multiple modules (one per
channel) having common signal output and Figure 15 shows the measured response
tuning input ports. Signal current is for the circuit of figure 14, and the
extracted at the sustaining stage transistor frequency-temperature charactertistic measured
collector terminal via a common base buffer for the uncompensated, partially compensated
amplifier exhibiting very low input impedence. (,C 6 compensation only), and fully
In this manner, the voltage developed at the compensated oscillator nodule is shown in

sustaining stage collector terminal is small, figure 16. As can be seen from figure 16
and feedback effects (via the transistor col- compensation to + 3 ppm was readily achieved
lector to base capacitance) due to load using the technique previously described.
variations are minimized. The selection of
relatively large excess gain in the sus-
taining stage results in an oscillator output
current consisting of a small conduction angle Conclusions
sinusoid, so that extraction of the third
harmonic of the fundamental oscillator A procedure for the design of linear
operating frequency at the buffer output is narrow deviation VCXO ideally suited for
possible. Subsequent multiplication by mobile transceiver application has been
four in the transmitter and three in the presented. The procedure makes use of a set
receiver results in generation of final of straightforward design equations for the
transmit and receiver local oscillator signal design of the frequency determining portion
at VHF. of the oscillator circuit, and the

interrrelationship between circuit element
Temperature Compensation values as indicated in the design equations

allows the circuit designer to make
The most suitable type of crystal unit intelligent tradeoffs in selection of com-

for use in this application is the so- ponent values in order to achieve required
called AT cut whose temperature charac- device performace. Although in the
teristic is shown in figure 12. As can be application described the number of circuit
seen from the figure, for a + 2 minute inductances was reduced to one, added
tolerance in the cutting angle, the frequency flexibility can be achieved with the additior
change with temperature will be on the order of a second inductor for achieving wider
of + 0.001 percent or double the maximum tuning rages with operation nominally at
allowable drift in transceiver carrier nrystal unit series resonance. Also, an ex-
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DESIGN CONSIDERATIONS FOR A

DIGITALLY TEMPERATURE COMPENSATED CRYSTAL OSCILLATOR

Paul J. Scott
Motorola Communications Group

Schaumburg, Illinois

Summary and keep the oscillator on frequency. Both
of these techniques use thermistors that
have historically given the design engineer

Crystal oscillators to be used over ex- many headaches. They are very hard to
tended environmental ranges must be compen- characterize, usually reguiring individual
sated for temperature effects. Since these testing and sorting to obtain enough
effects repeat in temperature, all that is accuracy to be used with confidence. The
needed is a circuit to correct the oscilla- networks used generate systems of equations
tor frequency and some form of memory. A that require computer solutions in most
long term memory circuit that has developed cases. Then, after the thermistor is in the
into a cost effective solution is the semi- circuit, it may age or change with time.
conductor Programmable Read Only Memory
(PROM). This memory, along with new inte- There is now a viable solution to this
grated circuit analog-to-digital converters dilemma. Networks have been built using
and digital-to-analog converters, was proven digital techniques and no thermistors.
successfully used to temperature compensate The basic block diagram of this network is
a crystal oscillator to better than ±1 ppm quite simple although the individual inte-
from -300 C to +800 C. grated circuits can become quite sophisti-

cated. Indeed, the analog-to-digital (A/D)
converters and digital-to-analog (D/A) con-

Introduction verters have been the last integrated cir-
cuits to mature because of the cross breeding

The most commonly used temperature of digital and analog design.
compensation networks for crystal oscilla-
tors are analog networks. Two of these, the
thermistor varactor networks and the ther- Digital TCXO
mistor capacitor networks, are the most
widely used. The thermistor varactor type The digital technique starts with a
network generates a voltage function which thermometer that uses a diode P-N junction
is impressed across a voltage variable to generate a voltage versus temperature
capacitance diode (varactor) that is in the function. This is quite linear in the
frequency determining loop of the crystal desired compensation range and is -2mV/C O .

oscillator. The voltage changes in such a This voltage is digitized in an (A/D) con-
way that the oscillator remains within a verter and the parallel digital word is sent
certain specified tolerance of the desired to a digital memory. This digital word is
frequency for the temperature range of used as the address for a new digital word
interest. As we know, this voltage function stored in memory or, in other words, the
must be the inverse of the third order memory is used as a look up table. This
Bechman equations for the angle of crystal new digital word is fed in parallel to a
cut used plus the nonlinear effects of the (D/A) converter that generates a voltage to
varactor. Also, it would be desireable to bring the oscillator to the desired frequency.
pick up any effects of the individual cir- The digital technique generates a segmented
cuit and crystal used, but this is usually approximation to the desired function with
not possible due to inc-reased network accuracy controlled by the number of segments,

. complexity. The thermistors and resistors the number of voltage steps available for
are arranged in networks similar to bias compensation and the ability of the circuit
networks that take advantage of the non- to duplicate the original programming.
linear resistance versus temperature Because this is a segmented approach, some
characteristics of the thermistor to consideration must be given to the number
generate the desired voltage function. of segments needed. The three criteria
Usually more than one network is used and needed here are the desired accuracy, the
the voltages are summed or used in segments temperature range needed and the steepest
switched in or out by transistor switches. slope to be compensated for. For example,
In the digital approach a similar type of if the desired accuracy is one part per
oscillator is used but with digital tech- million (1 ppm) and the steepest slope to
niques to generate the voltage function. correct is 2 ppm/°C, then the correction

must be at least every 0.50 C. If t8e tem-
In the thermistor capacitor temperature perature range to be covered is -30 C to +800 C

compensation scheme, thermistors are placed or 1100 C, 220 segments are required. The
in series with capacitors to effectively next largest digital word has 256 bits (or an
change the loop reactance with temperature 8 bit byte) which gives us 36 extra bits or
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an extra 18'C that can be used to extend the For the programming cycle, the calculator
temperature range 91C on either end. This takes the place electronically of the PROM
also has a desireable effect because in the in the circuit. First, the environmental
diqital approach the compensation stops at chamber is driven to beyond the extreme
the last address so the extended range pro- temperature at one end of the working range.
tects the circuit from falling out of Then a four hour CAM is set to take the tem-
correction too rapidly. perature to beyond the other extreme limit

linearly. The PROM programming program is
Now for the other half of the job. started on the calculator. The temperature

The oscillator must be pulled back to of the oscillator is read from its own A/D
reference frequency in each segment. Be- converter and is a digital number. The
cause we don't care what the actual shape calculator creates a memory location with
of the function looks like, we don't care this number as its address, then a digital
that any element of the system is linear, word is output to the D/A converter on the
only that it is monotonic. We only care oscillator board.
that the individual voltage steps are small
enough to allow a change of one least The frequency is read by the frequency
significant bit (I LSB) and still be within counter and compared to a reference number,
desired frequency tolerance and have enough the desired frequency, stored in the cal-
individual words to be able to pull in the culator. If the frequency is not within
farthest excursion within the programming prescribed limits, the output word is either
range of the temperature compensation incremented or decremented appropriately
network. For example, if a 1 ppm oscillator until the frequency is within limits. When
were desired and the change of 1 LSB pro- the correct output word is found, its digital
duced a change in frequency of 0.3 ppm, the value is stored in the memory location of
change would be small enough. Then, if the the oscillator's present temperature cap-
uncompensated crystal changed ±12 ppm, at tured earlier. This cycle is repeated for
least 72 steps would be required for perfect as many times as available addresses exist
centering. The next appropriately sized in the memory equivalent of the PROM chip.
byte would be 7 bits or 128 steps. Extra This programming information is saved on
bits can be used for greater correction, magnetic tape. In our set-up the magnetic
centering or, if available to external tape is run through a formatting program that
logic, to remotely change the oscillator converts this information to paper tape
frequency. which is in a form acceptable to the PROM

programmer. A PROM is blown (or burned) and
It is quite evident by this time that tested in the oscillator.

the programming of the memory with 256
digital words for each oscillator would be
a prohibitive task if it weren't for auto- Noise
mation. This is the great strength of this
approach. The programming can be completely One of the gremlins that plagues a
automated. The programming effectively digital oscillator system is noise. This
tunes Out all parts variations and crystal can take two forms; first, there is the
anomolies as long as they repeat in time susceptibility of the system to noise
and temperature. entering from an external source, and second,

the noise generated by the system itself and
A programmable calculator with Inter- then retransmitted to the output. The sus-

face Buss (IB) capability, a counter with ceptibility of the circuit to noise entering
IB, and a general digital interface are all and causing a logic level to change states
that was needed to produce the results to is a function of the logic family used, but
be shown. for our purpose is quite small. The second

source is quite important. The digital-to-
analog converter, by its very nature, is a

Programming the Memory switched device which in our case also has
A preset period during which time it may or

The automatic system used to gather may not change states. This output must be
the data necessary to program the Program- filtered because the system interprets any
mable Read Only Memory (PROM) consists of unwanted noise here as modulation impressed
a CAM programmed environmental chamber, upon the primary oscillator loop. The lowest

frequency counter, programmable calculator, frequency component must be filtered to below
and PROM programmer. A digital thermometer, system design goals.
digital-to-analog converter and X-Y recorder
were also part of the system but were only A second internal cause of noise is the
used to plot frequency versus temperature logic circuits in the system. This noise is
curves, generally typified by current spikes on the

power supply lines. It is therefore prefer-

The counter is programmed and read able to have the logic circuits on a separate
over an (IEEE standard 488-1975) interface supply buss or connected in ahead of the
buss. The calculator can send and receive final voltage regulation and decoupled as
to the oscillator board over a general thoroughly as possible.
digital eight bit parallel interface buss.
This buss plugs directly into the PROM The filtering recommended for logic
socket on the oscillator board. supply lines by the logic manufacturer is
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only adequate to keep one logic device from Advantages
interfering with another. It is completely
inadequate for linear circuitry. 1. The circuit can be built from readily

available parts in CMOS or TTL.

ystem Timing 2. The tolerances of critical parts Lecome
a "Don't Care" condition, no grading of

The system update frequency determines parts.
how often the temperature information is
updated, the amount of power drawn by the 3. The process lends itself to mechanized
circuit, and some of the filter parameters. production.
In most applications this can be relatively
slow; one or more updates a second should 4. Instant On, no warm up time needed.
be adequate. For faster systems, the
system can be allowed to free convert where
the end of one cycle will trigger the start Future Applications
of another. This can be hard wired and
requires no external parts, the trade-off 1. Sharing memory and other hardware with
being between power and system complexity, microprocessor systems.
If the oscillator were part of a larger
system with a microprocessor in control, 2. Remote tuning of a field oscillator by
the system controller could ask for the up- anding another digital word from a
date when necessary or during processor remote location.
free time. Most of the circuit could be
shut off in between updates as long as the
output remained latched. References
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"A Report on Segmented Compensation and
The resolution of the corrections that Special TCXO's", Proceedings of the 23rd

can be produced is better than the repro- Annual Symposium on Frequency Control
duction of these effects by the oscillator, sponsored by the US Army Electronics
The limits now become the thermogradient Command, p. 187, 1969.
across the circuit and hysteresis effects
in the parts used and the crystals them- 6) Duckett, P. D. , Peduto, R. J., and Chizak
selves. It was evident in working with G. V., "Temperature-Compensated Crystal
digital compensation that it is not a Oscillators", Proceedings of the 24th
new magical cure-all that had the power to Annual Symposium on Frequency Control
throw part tolerances to the wind, but a sponsored by the US Army Electronics
magnifying glass that amplified the fact Command, p. 191, 1970.
that all fdctors which had to be done right
before still had to be designed well, and to 7) Boor, S. B., Horton, W. H., Angove, R. B.,
gain tiie potential of this technique, will Systems, Inc., "Passive Temperature Com-
have to be done better in the future. pensation of Quartz Crystals for Oscillator
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Applications", Proceedings of the 19th CACULATOR BASED AUTOMATIC SYSTEM CONTROLLER
Annual Symposium on Frequency Control AND DAIA ACQUISITION SYSTEM
sponsored by the US Army Electronics
Command, p. 105, 1965.

8) Fujii, S. and Uchida, H., Nippon Electric
Co., "An Analysis of Frequency Stability
for TCXO", Proceedings of the 30th COUNTER
Annual Symposium on Frequency Control
sponsored by the US Army Electronics
Command, p. 294, 1976. MAG.
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Block Diagram

TEMPERATURE VOLTAGE CONTROLLED

SENSING NETWORK CRYSTAL OSCILLATOR CALCULATOR

ANALOG TO DIGITAL DIGITAL TO ANALOG

CONVERTER CONVERTER

R PROGRAMMER

PROGRAMMABLE

READ ONLY FIGURE 2.

MEMORY

FIGURE 1.

Comparison Chart

TCXO TCXO OVENS
THERMISTOR DIGITAL
VARACTOR

TEMPERATURE
STABILITY 2,5 PPM 0,5 PPM 0.5 PPM
-30

0
C TO +85

0
C

SIZE SMALL MED. LARGE

CURRENT LOW MED. HIGH

INSTANT ON YES YES NO

CIRCUIT LOW HIGH HIGH
COMPLEXITY IC (MED)

COMPUTER CONTROLLEn
TEMPERATURE NO YES NO
COMPENSATION
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PRECISION OSCILLATORS FLOWN ON THE LES-8/9 SPACECRAFT*

Howard S. Babbitt, III, Group 63

Massachusetts Institute of Technology
Lincoln Laboratory

Lexington, Massachusetts

ABSTRACT

Design, construction, and testing of spaceborne LES-8/9 are a pair of military communication

oscillators has been of interest for some time. Al- satellites which were launched on IS March 1977 by a

though the electrical designs have evolved over a Titan 3C launch vehicle. The satellites are presentl.

number of years, mechanical construction necessary to in a synchronous crbit spaced nearly 90* apart and are

survive flight G forces and pyrotechnical shock in used to communicate with up and down links at UHF and

addition to actual in-flight aging data are not as K -band with a K -band crosslink (See Fig. 1). They

readily available. This paper describes the character- have a five yearadesign life and are powered by a pair

istics of four quartz crystal oscillators incorporating of Radioisotope Thermoelectric Generators (RTG's), a

Bliley high stability crystals flown on the LES-8/9 source of radiation for all components. Figure 2 shows

spacecraft. a general arrangement of LES-9 illustrating the place-
ment of boxes on the main decagon as well as the rela-

LES-8/9 are a pair of military communication tive location of the RTG's. With regard to the genera-

satellites operating at synchronous altitude with tion of frequencies from the 5.0 MHz source through

multiplied frequencies as high as K -band. Each incor- multipliers, K -band presented the larger challenge as

porates redundant master oscillators for time and that represented nearly a X8000 multiplication of the

frequency control. These four master oscillators, 5.0 MHz standard. Calculating the miniminum theoretical

built especially for the LES-8/9 program have been increase in phase noise leads to a 78 dB degradation in

measured since launch (March 1976) for absolute fre- the signal-to-noise ratio for the oscillator.

quency drift as well as spectrum quality. To examine
long-term drift, a measurement scheme has been employed OSCILLATOR DESIGN/FABRICATION

which to a first order cancels doppler and allows 12

resolution of oscillator frequency to within n,3/10 in Based on requirements for frequency multiplication,

one second. The drift data shows that within one week frequency settability, and a five year useful lifetime,

after launch, the average daily driftl~or all the some minimum specifications can be generated for these
masterToscillators was between +.7/10 /day and oscillators. Several of these can be summarized in

2.7/10 /day. One year after launch this had t ducee Table I. Based upon present day technology, these

considerably to between .03/10 /day and .2/10 /day. specifications are achievable with careful oscillator
The data presented is believed to include aging only design, crystal selection, and oven design at least

since effects caused by radiation have been minimized insofar as earth-based circuits are concerned.

by shieldin,.
The circuit selected for the oscillator design was

INTRODUCTION of the Pierce type (Ref. 6-8) and incorporated a Bliley

BG61AH-SS high stability crystal as the frequency

Precision ground-based oscillators have been control element. Figure 3 shows the entire oscillator

studied for some time with respect to circuit design, circuit which was housed in the oven enclosure. The

packaging, and time and frequency related measurements. circuit is a rather straight forward implementation of

With the proliferation of synchronized time systems and a standard Pierce design with AGC control. It includes

high frequency communications links, considerable data two boards, one with the RF amplifiers and gain control

has been gathered on very stable frequency sources element on it and the other with the AGC control cir-

including precision quartz oscillators. cuitry. The AGC control loop bandwidth is approximately

1/2 Hz with an amsplitude control of better than .02%
Recently there has been increased interest in for a fixed control voltage on the varactor diode.

installing stable frequency sources in satellite-based Over the entire frequency control range the amplitude

systems. (Ref. I and 2) As the satellite functions varies less than 4% and since this represents the

become more complex and the requirements call for a maximum change over five years of frequency trimming,

more stable frequency source, this oscillator must this results in an insignificant contribution. The hot

operate under tighter tolerances then its predecessors. carrier diodes, CR4 and CRS, limit the turn-on dissi-

Since the number of satellites launched with "preci- pation to less than 120 Vwatts, with the average crystal

sion" oscillators on board is relatively small, in dissipation near .6 Vwatts during normal operation.

orbit data of actual oscillator systems (Ref. 3-5) is

useful for aiding one in assessing what present day In order to take full advantage of the oscillator

capabilities are and what they could be expanded to in circuitry and crystal characteristics, an oven was

the future. This paper addresses four stable quartz required which would maintain the crystal turning point

crystal oscillators flown on the LES-8/9 spacecraft temperature with a high degree of stability--both long

illustrating how they were built to withstand the and short term. Some of the specifications for the

launch trauma and the way in which they are being oven are shown in Table II. Cox and Co., Inc. was

measured in flight, contracted to design and build such an oven and enclo-

sure. The specifications were met using a single oven

*This work sponsored by the United States Air Force, controller with rigid closed-cell freon-filled urethane

foam for insulation. This foam also served as a mech-

"The views and conclusions contained in this document anical support for all the inner electronics. The

are those of the contractor and should not be inter- inner electronics included the oscillator circuit

preted as necessarily representing the official poli- boards and crystal oven control board with a regulator

cies, either expressed or implied, of the United States for all electronics except the heater voltage. The

Government."
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circuits were all built on flat donut-shaped boards failed on just the second of 18 possible shocks.
with the crystal mounted in the middle. The crystal
was installed in a cylindrical aluminum housing and One method to reduce this effect which is popular
that was mechanically attached to an aluminum turning with those who must minimize stresses of this nature on
which was the part that was actually temperature con- mechanical parts is shock mounts or isolators. These
trolled. Figure 4 illustrates the packaging of the are small cylindrical or rectangular devices which have
inner temperature controlled housing. When the entire threaded studs at each end with rubber connecting them
oscillator systems were put together with the ovens, together. As one of the experiments in determining
including RFI filtering in the D.C. lines, buffering, what effect this would have, isolators with about 80
crystal filters, etc. the oscillators performed about Durometer hardness each were mounted on the shaker
as expected. Short term stability was well within table fixture and the box then mounted on them. A sine
specification as was temperature variation and frequency survey was done as before and the result is shown in
adjustment. Table III summarizes the measurements so Fig. 8. This shows unity transmissibility only up to
far. The unknown fact concerning these oscillators is 25 Hz with a small peak at 30 Hz and every other fre-
whether or not they will have sufficiently low long- quency attentuated. Mechanically this is a very rea-
term drift. We have tacitly assumed that oy~r 5 years sonable solution to the problem; thermally it is not
the average dy ft will be less than 1000/10 /Sx365 acceptable. Since the spacecraft body and the rails to
days = .S5/10 /day. This is less than the crystal which boxes must be attached are temperature controlled,
manufacturer would specify but seemed possible based on the thermally defined surface would be only indirectly
the accurate AGC circuitry, the stiff temperature coupled through the rubber isolators. This thermal
control on the crystal, plus the experience of the resistance is high and therefore the oscillator enclo-
GRI11SC and other oscillators utilizing thjis crystal. sure could soar in temperature and easily exceed the
On the ground it was difficult to determine the actual maximum practical operating temperature of SOC.
drift rate as the oscillators needed to be integrated
early in the system testing; the satellite assembly was If, therefore, due to thermal considerations, the
continually being moved, powered down, or measured with enclosure must be attached directly to the spacecraft
respect to power supply loads. Thus, while it was rails, then the next level of mechanical isolation must
hoped that the above drift rate could be achieved one be inside. Since the crystal itself is mounted rather
could never be sure until after launch. securely in its own aluminum housing and this is

directly connected to the inner oven aluminum piece, it
PREPARATION FOR THE LAUNCH AND SPACE ENVIRONMENT was rather difficult to isolate just the crystal from

shocks. The solution which was ultimately used for
The previous discussion concerning the oscillator/ flight was to cut approximately 1/4" of the rigid foam

oven combination centered around a basic design which away from the outer enclosure and instail soft foam
would satisfy the immediate short and long term require- strips in the space. Figure 9 illustrates this clearly
ments for the five year mission lifetime. A basic and shows a picture of a flight package with one cover
assumption was that the launch trauma as well as long removed. The soft foam is ECCOFOAM FS, an isocyanate
term radiation would not effect these characteristics, open-cell foam sheet stock which was cut in strips wide
Physically, if flown as originally designed, the oscil- enough and thick enough to maintain the proper thermal
lator/ oven would appear rectangular, similar to Fig. 5 resist.ince for correct temperature control. A sine
with the overall dimensions roughly 6" square by 4" survey was run on this assembly and the result is shown
deep. The inner cylindrical oven up to this point has in Fig. 10. This frequency response was done with a IG
been rigidly supported by the closed cell foam which input level as opposed to Figs. 7 and 8 which were with
extends to the outer shell. This rigid structure has 1/2G inputs. The results show unity transmissibility
considerable mechanical transmissibility from the outer up to approximately 70 Hz with a soft peak at 110 Hz.
enclosure to the inner oven cavity due to the relative Other frequencies were attenuated, except for a
incompressibility of the urethane foam. As a point of lonesome narrow peak at ,800 Hz. Since there is con-
reference, Fig. 6 indicates the qualification level siderable attenuation between 200 Hz and 700 Hz, the
vibration which this device must withstand and not area of crystal mechanical resonance, the soft foam
suffer any serious consequences. This includes 15.1G strips seems to have solved the problem. At this
RMS overall random vibration for each axis for 3 minutes point, a measurement of the total response to shock
per axis and 1/2 cycle sine pulse shocks of 775G peak pulses was in order. A 1/2 cycle sine pulse of 775G's
along each axis. Notably, the rigid structure coupled and .2 HS duration was applied to the structure. An
with the 775G peak shock pulse could easily excite accelerometer again recorded vibration levels and the
resonant modes in the crystal and cause crystal break- frequency components measured. Figure 11 shows the
age or mount failure, result with the input spectrum superimposed on the

data. It clearly indicates at least a factor of fif-
In view of the stiff requirements for surviving teen attenuation to most of the energy, essentially

shock and vibration, the oscillator package was ana- guaranteeing that the circuits would survive. Subse-
lyzed with a shaker table under controlled G-force and quent tests with qualification level vibration and
waveform shape. A hole was drilled in the middle of shock on a flight-like oscillator/oven showed no
one of the covers and an accelerometer was placed on problems whatsoever, with pre- and p?Tt-vibration fre-
the inner oven enclosure. The accelerometer was then quency differences of less than 1/10
fed back to the measurement system to determine the G-
forces seen by this part of the assembly. The initial Ma t ffects
characterization is shown in Fig. 7. This response to
a 1/2g sine-sweep clearly shows unity transmissibility It is well known that magnetism has an effect on
up to 200-300 Hz with a sharp peak of lg at "-500 Hiz. absolute frequency. In LES-8/9 a large number of
This oscillator/oven assembly with rigid foam all the magnets were in close proximity to these oscillators.
way to the outer enclosure clearly offers no protection Although an exact calibration of the sensitivity of the
for the crystal or other components in the inner enclo- circuit to magnetic fields was not done, a test magnet
sure. Since the mechanical resonance frequency for the which produced 2 to 3 gauss at the oscillator was used
crystal blank in its holder is less than 500 Hz, the to determine if there was sensitivity at all. In the
shock will transmit directly to the crystal and excite case of these oscillators, there was a disturbance of
this resonance with generally disastrous results. One the absolute frequency on the order of parts in 10 . A
such prototype oscillator configuration was tested and sufficiert amount of shieldinS was added until ts
whereas it withstood the random vibration, the crystal effect was considerably smaller than parts in 10
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This shielding turned out to be .025 inches of Conetic affect this measurement? Certainly they change the
AA ta-metal. It was installed just on the inside of the situation somewhat, but one would think if the errors
outer enclosure and is visible in Fig. 9. With this are small enough, the same basic arguments hold. That
additional metal on the box, the actual flight weight is in fact the case, and as will be shown, the satellite
was nearly 4 pounds. receiver now would receive a frequency which is in

error by approximately twice the oscillator error.
Shielding Thus, a measurement of the center frequency error could

be a measure of oscillator error. LES-8/9 has the
With the crystal in its own aluminum can attached ability to encode baseband I G Q samples and send these

to the inner oven, there is a considerable amount of down directly on the downlink so the receiver channel
aluminum surrounding the crystal. If to this you add frequency error can be examined to verify this. With
the thickness of the cover and the l-metal, the minimum this introduction, we will analyze the simple scheme of
amount of metal which can be considered as crystal Fig. 13.
shielding is greater than .46" of AL and .025" of
li-metal. Synchronous attitude spacecraft do not run in The symbols as described on the figure include
the Van Allen Belt so that radiation is not a hazard, c -Relative oscillator error
but the on board RTG's do provide radiation which could
be harmful. Based on these thicknesses of materials, d - Relative doppler error
calculations have shown that the electron energy re- f x - R for "Received"
ceived at the crystal is confined to less than S6MEV xy
electrons wilh a total 5 year dose of < 1.6 x 10 T for "Transmitted"
electrons/cm or less than 2 x 10 3 RAD in 5 years.
There is no significant proton, neutron, or gamma Y = S for "In the Satellite"
radiation. It is for these reasons that it is felt the E for "On the Earth"
radiation effects are sufficiently minimal as to be
non-existent in causing frequency changes in the oscil- fREF = Satellite Reference Frequency
lator even over a S year lifetime.

With the assumption that all RF Frequency outputs
IEASUREMENT IN-FLIGHT are derived by multiplication from the same basic

oscillator, we have
After the successful launch of LES-8/9 in March,

1976, all the measurements, components, care in assem- f TS N fREF and (1)
bly, etc. were put to the test of actually performing
to specification for the required 5 years. Short term
stability and spectrum content of the K -band oscilla- f f (2f
tor were measured by inference through 9ER (bit-error fRS REF (2)
rate) tests and direct downlink spectrum analysis. The
long term drift presented more of a problem for two We will first proceed assuming that c o. For that
reasons. First, to maintain all the full back-uD modes case
the oscillator outputs could not be swapped for fear of
glitching a clock line and disturbing some activR (3)
storage. This meant that the oscillator which provided
the downlink frequencies was the only one which could where f 5. eacly
be directly received at an earth terminal. Figure 12 rEF = 5 exactly.
illustrates the general interconnections. Second, the
oscillator which is seen at the earth is cgrrupted by SeF
doppler. This doppler is as much as .5/10 for the percentage doppler error must be

LES-8/9 orbit and wb8n compared to resolutions desired f - N
of better than 1/10 of the oscillator frequency any d RE - EF (4)
small doppler uncertainties would completely mask out d N (4)
the quantity we are desiring to measure. Typically, an
orbit determination is made by observation and/or
rangig and a computer calculates doppler as a function Transmitting on the uplink and making our doppler
of time and day. This has all sorts of uncertainty correction, we have
built into it and in fact even in the most sophisticated
doppler computing schemes .1% uncertainty is not uncom- f (-d)M f (S)
mon. Thus, some sort of doppler cancelling scheme is TE - EP Or
needed which is not based on computer predictions but
is a closed loop measurement system in real time. The fRE
doppler cancelling method used on LES-8/9 to measure f . (2 - -- .- M f; (6)
absolute satellite frequency will be described first REP

with the problem of measuring the "unseen" oscillator
after that. Now, if we compute what the satellite receive

Theory of Measurement of Absolute Oscillator 
Error frequency is, we find

The basic premise which initiated this measurement f RS (l+d) f.TE . or substituting (S) (7)

scheme is as follows: If the satellite is transmitting
a downlink frequency, the ground station knows what 2
that frequency should be. With the naive assumption fRS (ld) N REF (8)
that the on-board oscillator is perfect, the frequency
error is only due to doppler. Therefore, if an uplink or doppler has been cancelled to a first order with
is sent to the satellite and frequency is precorrected only second order terms in the equation. If Eq. (6) is
for this doppler, the signal should enter the satellite's used as the algorithm for computing fTE even if C 0 0.
receiver at the exact center frequency assuming the the following results. In all cases
receiver is driven by the same oscillator as the trans-
mitter. The question arises, how do oscillator errors f1R . T (lSd). (9)
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Substituting from (6) telemetry format and the register data set to the
ground station. The inference of the unseen oscillator

RE is done by making two observations of this counter
fRS ' H fREF (2 - 1-- )(l+d). But (10) spaced a known difference in time apart. This leads to

a difference frequency which is equal to thg count
difference divided by the product of 1.6x10 and the

iRE - N fOP (lt+)(+d). (11) time differential in seconds. An elapsed time of
approximately thr? hours leads to an average uncertainty

of less than S/10 . Better resolutiot, can be had by

R= fE [2 - (l c)(lEd)](ld), (12) observing this count as a function of time and noting
exact transition times.

or simplifying

Results of Long Term Drift Measurement

fs 
• 
M fREFP [1-c-2cd-d

2 
(l €)] (13) Drift measurement of all four precision oscillators

on both satellites were made commencing approximately
Now, on the satellite, the center frequency of the three days after launch using the methods described
receiver is receier isabove. Alth~bgh the absolute error was not allowed to

exceed ±5/10 for any oscillator, the result of the

fRS 
= 
M f (l+C). (14) necessary frequency trimming has been added back in to

get overall drift curves. Data has been taken for over
one year and so can give insight into long term drift

Forming the difference between the actual received characteristics of some types of spaceborn oscillators.
frequency and the true center frequency of this receiver, The data are shown in Figs. 14-17. The fastest chug-

ing oscillator--LES-8, OSC #1--changed over 120/10 in

f - f!- -M f* 2 00the year, whereas the smallest overall change was 10
RS RS REF (2e*2cd~d(l+£)]" (15) observed on LES-9, OSC #1 where it drifted only S0/10

in one year. If these are maximum changes for a year,

6 and we have no reason to believe they would get worse,
Since d < .S/10 then there will be plenty of margin 18 cover 5 years as

each oscillator has at least 1000/10 trimming range.
2 /012 All oscillators were set to be on frequency at the time

d
2 
< .2S/0. (16) of launch. If the drift curves are projected back to

the day of0launch, none of them seem to have suffered
the 10/10 incremental change which would have been

By similar arguments, we can also say expected due to the 1G field change.

2c(l+d) 6 2c. (17) Scanning all four oscillator's drift curves LES-8
OSC #2 stands out as being unusual. For the majority
of the time the oscillator is extremely stable. On two

Thus, (15) simplifies to the desired result. occasions, however, large frequency excursions were
experienced in a relatively short time. The cause of

f =- M f* (2c). (18) this is unknown, but could be due to some component
R RS REF (relaxing mechanically (i.e., a piston tuning capacitor).

The other three oscillators have relatively smooth

Equation (18) tells us that if we listen to the aging curves which appear to be reducing somewhat in

satellite downlink, assume all the error is doppler slope even after a year in orbit.

only, adjust our earth station uplink to cancel this

doppler to a first order, then the frequency received Figures 18-21 are the derivative functions of

by the satellite will be in error by twice the absolute Figs. 14-17. It is simply a two-point slope calcula-

frequency error of that uplink receiver. To measure tion of the absolute drift data. The drift rates

that frequency error, the satellite has the capability appear to be exponentially decaying with time constants

to encode in-phase (I) and quadrature (Q) outputs and on the order of 30 to 60 days. LES-8 OSC #1, settled

SSB modulate these bits onto the Kaband downlink. out to the apparent final drift ra18 in under 100 days.

These bits are then demodulated at the earth station That number is smaller than ..3/10 /day. LES-8 OSC #2

for processing. In practice, Eq. (6) is implemented even prelaunch had a small drift rate; if the impulsive

through the use of mixing and phase-locked loops with functions are discouyled, the average drift rate has

dividers. The downlink demodulation is done with a pS been well under 1/10 /day. In fact from eight days

demodulator followed by digital filtering on the I and after launch until 88 days after launch, the oscillator

Q lines. The final outpit has a resolution of 1/4 Hz was o trimed and accrued a net increase of less than

(since we have I and Q samples) or since this repro- .2/10 for an overa112drift rate for that period of

sents twice the error of the satellite, the ultimate much better than 1/l0 /day. That oscillator has only

resolution is 1/8 of a Hz of satellite error. If the been trimmed during two periods: from day 88 to day
110 and on day 339. The variation in the curve at

9 -band uplink is on the order ? 40 GHz, then this in the curveeat

ripresents a resolution of 3/10 for a one second other intervals is the uncertainty in the "unseen" -

averaging time. The actual hardware performing the oscillator measurement. LES-9 0SC #1 and OSC #2 have

counting integrates this error over approximately 13 been tracking one another remarkably well, although OSC

seconds to reduce the jitter and ease the computation 
#1 has a slightly lower drift rate. Both curves indi-

cate that the drift rates are ?ill decreling in with
required. OSC #2 presently belleen .5/10 and 1/10 /day and OSC

Measurement of the "Unseen" Oscillator #1 better than 3/10 /day.

The master oscillator which is not directly visible

and hence not measurable by the above method necessarily
oust be measured indirectly. In the satellite the two
master oscillators are compared at 1.6 MWz with an up-
down counter. This up-down counter is strobed once a
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Conclusions LES-9 CROSS-LINK LIES-

The results presented in this paper cover two
basic areas: packaging and measurement of precision ...

satellite-based oscillators. The oscillator packaging . .... / - v N

described here is somewhat different from the more / ".
usual oven design in at least two ways. First, it is CENTRAL -AND

not a "thermos bottle" or Dewar flask container, but SEPARATION "W"
simply an inner aluminum oven surrounded by closed cell ANGLE

foam with soft foam for vibration isolation. Second, '. - -
it is a one stage oven which maintains ±.001C internal -.- -- -

temperature stability while the external environment GEOS tNHROUS ORSI!

changes 60C. This is contrasted with the more popular
double oven approach used on some recent satellite
oscillators. LES-&/9 ORBIT CAIFIGU1'.TIOT

The measurement of these oscillators with regard
to frequency drift is a peculiar problem requiring FIGURE I
careful attention to error introduced, particularly
doppler. The closed-loop doppler cancelling scheme
used to measure the LES-8/9 master oscillators has
allowed absolute frequency measurements to be made of
these oscilj tors with uncertainties on the order of (ORBIZORMIAE STNARIE

parts in 10 even though they are more than 20,000 NORMAL OR ELECTRONIC

miles awcy. The results show that for the 5.0 Hz CEK-BAN PITCA ND

oscillators flowi0 on LES-8/9 the total yearly drift was ANTENNA HORN

less than 120110 for any oscillatorl ith drift rates SYSTEM

at the end of one year as low as 3/10 /day.
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LES-9 06C. 02 DRIFT PATE PATV SE I &DAY) US. POST LAUNCM DAYS SUMMARY OF SELECTED MASTER OSCILLATOR
REQUI REMENTS -FOR LES-8/9

D Frequency m5.0 MHz
A 6.S5

L8
Y -f <K 1. 2/1081100 jpsec
D .4RMS
R

F 6.3. dein9
T -3/10 /100/usecdeinga
: . 10
T Drift Rate< 1/10 /day
E

10
1.1 Absolute Frequency Adjustment < 1/10 /step

0 I 2150 Total Adjustment Range: Sufficient to maintain absolute
POST LAUNCH DAY NUMBER 4Wfrequency accuracy for 5 years

TABLE I

FIGURE 21

PRELAUNCH OSCILLATOR CHARACTERISTICS

A f f i 4 10psec
, RMS

OSCILLATOR OVEN SPECI FICATIONS Remote Frequency Adjustment: 10 V. 12 bit DIA applied to
the va ractor diode

0 0 Frequency Adjustment Steps: Between 7110 12 and 2/10 10

Control Temperature: 71 C to 79 C depending upon center

trequency
Temperature Stability: ±0. 001 C 0from set point Toa manblFrqecRng: >1010o

Ambient Variation: -20C 0to +40 0C System Temperature Sensitivity: < 1/10 11 C 0 ot ambient change

Temperature Accuracy: ±0.050C 0

(5 yea r l ife) TABLE III

TABLE 11
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A FAST WARMUP OSCILLATOR FOR THE GPS RECEIVER

John Ho and Martin Bloch
Frequency Electronics, Inc.
New Hyde Park, New York

Summnary

A 5.115 MHz oscillator is described for rapid warmup. The thermal design of the
which was designed for use in the GPS re- oscillator which is within the inner oven
ceiver system. The oscillator features in conjunction with the booster oven input
fast warmup, high stability, low power, is selected to give a critically damped re-
dual RF outputs, and i 2x10- 7 modulation sponse in the frequency vs. time domain.
range. The device uses a third overtone This interface must be carefully controlled
FC or SC cut crystal with low temperature to avoid frequency overshoot which would re-
coefficient. A booster oven in addition sult in a prohibitive sinusoidal frequency
to the conventional dual oven is used for excursion.
fast repeatable warmup characteristics.

The oscillator circuit is a modified
Introduction Pierce crystal controlled oscillator. A

third overtone FC or SC crystal is used.
This paper deals specifically with the The oscillator and crystal are enclosed with-

mechanical and thermal design aspects of in the ovens which in turn are mounted within
the oscillator and test data is presented the Dewar flask. The proportional oven con-
which describes the warmup characteristics, trollers maintain a temperature variation of
aging data and short term stability. A the inner oven of less than 1.0 millidegrees
complete analysis of thermal paths due to after stabilization. The oven controllers
conduction, radiation, and convection as combine a thermistor sensing bridge and op-
well as thermistor placement and oven loop erational amplifier to generate the required
parameters is required to yield the de- heater currents.
sired performance. Although the power
consumption of the oscillator was not a The voltage regulator and oven control
fundamental design constraint, reduction circuitry are external to the dual assembly
of this parameter was considered in order and provide regulation and filtering of the
to minimize power supply capacity and size. D.C. input to minimize induced noise.

Electrical Design Mechanical Characteristics

The basic oscillator design focuses Figure 2 is a cross section view of the
upon minimizing the warmup characteristics oscillator. The basic mechanical package
of the oscillator to enable the GPS re- consists of a ruggedized Dewar flask, shock
ceiver to acquire lock within 5 minutes. mounted inside a metal can. The configura-
Additionally the stability of the oscilla- tion is specifically designed to pass severe
tor must be low enough to insure a reason- shock and vibration testing. The flask has
ably short processing time of position in- a reinforced tip at its open end to prevent
formation. The requirements are as follows: cracking during shock and random vibration.

In addition, an asbestos lining between the
1. Input power. 10 watts for 3 minutes, walls of the flask is held in place by

I watt after 15 minutes. dimples in the outer wall which are located
at the center of gravity of the package.

2. Warmup time. 2x10- 8 5 minutes after The flask is held in place with rubber shock
turn on, lxlO-9 1 hour after turn on. mounts which are placed equidistant from its

center of gravity to equalize bending
3. Aging. 2x10-9 per day, 30 minutes moments.

after turn on and 2x10-ll per day
average. In order to minimize size and weight, hy-

brid circuitry is used for the oscillator
4. Output power. + 3 dbm per output, and buffer amplifier. The oven controls

and voltage regulator are monolithic inte-
5. Size. 3.20xl.60xl.60 inches. grated circuits.

6. Weight. 8 oz. Figure 3 is the outline of the crystal
oscillator. The RF interface is a SMA

Figure 1 is a block diagram of the os- connector and all logic, D.C., and modula-
cillator. An internally generated refer- tion voltage are fed to the unit through
ence voltage is fed to user equipment. The FRI filters.
modulation input enables the frequency to
be varied over a range of * 2x 10-7. Fail- Oscillator Performance
ure of the inner or outer oven is indicated
by utilization of a temperature monitor This section describes the test results
window consisting of thermistors and an obtained on several of the GPS oscillators
amplitude comparison circuit. Variations and discusses the crystal testing that is
of greater than 10C are considered a fail- undertaken in order to insure proper os-
ure. The oven booster uses the raw D.C. cillator performance.
input to provide a quick surge of power
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Figure 4 is the short term stability tive that a suitable measuring system be
measured over a sampling time of 100 micro- utilized in order to detect these problems.
seconds to 10 seconds. It is seen that the
stability above 1 second approaches 2x10-12 Conclusion
and continues at this value until aging ef-
fects become dominant at several hundred A 5.115 MHz oscillator has been described
seconds. which is optimized for frequency retrace

characteristics and quick warmup capabilities.
Figure 5 shows the phase noise measured In addition low aging and power consumption

from 10 Hertz to 20 KHZ from the carrier are obtained. The role of fast warmup pre-
Two plots are shown which compare oscilla- cision oscillator in modern receiving sys-
tors with and without an output filter. tems is extremely important when considering
The inherent noise floor is -144 dbc which the vast numbers of satellite user equipment
is reduced to -169 dbc at frequencies that will be implemented in the next decade.
greater than 8 KHz from the carrier by the The use of oscillators such as described in
filter. The filter has a 3 db bandwidth this paper will greatly enhance the opera-
of 100 Hz. tional capabilities of these receivers.

Figure 6 shows the warmup characteristic
at +25*C for the GPS oscillator. It is
seen that at 5 minutes after turn on the
nominal frequency is reached and at 6.8
minutes a maximum excursion of 5x10-9 is
reached. This performance is well within
the GPS requirements for the receiver clock.
Due to the high inrush current an overshoot
condition is obtained with a maximum nega-
tive excursion of 2x10-

7.

Figure 7 is the aging data for the same
oscillator. Data is presented for a 20 week
period and it is seen that the aging slope
levels off to a value of 2xlO-11.

Crystal Characterization

In order to insure that the oscillator
meets the stringent warmup and aging re-
quirements each resonator is tested in a
fixture which is contained within a tempera-
ture stabilized chamber. Figure 8 is a
block diagram of the crystal measurement
system. The oven temperature is automatical-
ly slewed and approximately 2,000 data
points are taken at 0.05 0C increments. A
network analyzer automatically records fre-
quency and resistance on a punched tape.
This tape is fed to a calculator and a XY
recorder where a plot is obtained. Figure 9
is a typical graph showing a smooth tempera-
ture vs. frequency characteristic with mini-
mal retrace. In addition the resistance
holds constant over the temperature range
of 0 to +700C. This is an ideal crystal for
use in the described oscillator. Figure 10
shows a faulty crystal where the resistance
is changing rapidly at the turning point.
This type of behavior would result in oscil-
lator performance that is unacceptable.

Figure 11 shows an oscillator character-
istic where anomalous behavior occurs at
+50C. This is acceptable since the inner
oven temperature for this device is set at
510C, the crystal turning point. Figure 12
illustrates unacceptable oscillator per-
formance where anomalies are noted at +320C
and in the area of the turning point at
+520C through +600C.

It should be emphasized that frequency
vs. temperature anomalies occur over very
narrow temperature ranges and it is impera-
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SYNCHRONIZATION METHODS FOR FREQUENCY- AND

TIME-DIVISION-MULTIPLEX NETWORKS

H.L. Hartmann
Lehrstuhl fUr Nachrichtensysteme

Technische Universit~t Braunschweig (FRG)

Summary and time-deviation (TD), on the other, as a
function of varied frequencies (f) and of

This contribution examines both Directed slip intervals (t), respectively. Table 1
and Mutual Synchronization for Time-Division- offers a survey of the already-known methods
Multiplex (TDM) and Frequency-Division- of synchronization of communication networks.
Multiplex (FDM) communication networks. A The following basic methods can be singled
systematic analysis of mutually synchronized out:
oscillator networks leads to additional
conditions with regard to the attainment of Directed Synchronization by means of
a sufficient line-jitter attenuation and of Single or Changeable Major Timing Sources
a tolerable phase offset in the network, and Mutual Synchronization according to the

so-called Single- or Double-Ended Principle.
As a guiding figure of merit with

respect to long- and short-term inaccuracy of Conventional Directed Synchronization is
synchronized networks, the time error At = analogous to the classical Master-Slave
=<At>+ 6t between different network outputs principle, in which the timing supply of a
is considered. The long-term inaccuracy is network is originated by one central timing
described, then, in terms of the normalized source. In the advanced methods of directed
and generally time-dependent ensemble average synchronization timing sources are change-
(At)/t and the short-term inaccuracy in terms able, that is to say the reception of timing
of a time-independent normalized standard for the entire network can be transferred to
deviation <(6t)2*>t/t. a remote alternate timing source. This helps

to secure uninterrupted availability of
In the case of synchronized FDM and TOM timing signals. Generally, the switching from

networks it is possible to keep the above one reference timing source to another
defined long-term inaccuracy minimal in results in the rearrangement of the phase
comparison to that of a free-running atomic relations in the entire network. In either
frequency-standard. Caution is, however, case, the individual dependent timing sources
advised in the evaluation of short-term must not interpret a reception interference
stability, because in this case, either the as a total failure of the major timing
filtered phase-jitter of the transmission source. Instead, they must accept the timing
pathes or the amplified frequency noise of information through an alternate connection.
the oscillators tends to dominate in the The patent application for this method was
national or international network areas, filed in 1960 by G.P. Darwin and R.C. Prim'.
respectively.

In the case of Mutual Synchronization, a
Basic Methods of Network Synchroniz:,tion variety of time sources in one intermeshed

network are mutually tuned to a common
All methods of synchronization are frequency. The intermeshing of the timing

intended to attain the regeneration of a sources insures a high degree of security
frequency or time-base, generally after sig- against interruptions in the signal trans-
nal transmission over radio- or cable- mission paths. In this way, each source is
systems including channel noise and link capable of exerting only minor influences on
interruptions. Desirable are those methods the resulting common network frequency. A
of regeneration which facilitate a nearly total failure of one source amounts to the
complete reestablishment of the reference isolation of only one node in the network.
signal, so that the interfering influences The basic idea that an estimated mean of
of the transmission systems become negli- incoming interfered phases can be processed
gible, and the quality of the reference in place of a single time reference was
source remains unchanged. The application originated by J. P. Runyon in 19602.
of multi-channel carrier frequency trans-
mission systems with frequencies of from
12 to 200 Mc/s as well as the establishment One must not forget that, in the design
of public or non-public communication systems of a system which operates on such a phase-
for digital signals with transmission rates averaging principle, the phase propagation
of from 600 bit/s up to 500 Mbit/s pose the times of the oscillator network can lead to
question for manufacturers of the systems an effect on the resulting common network
and administrative companies as to how a frequency which requires attention. It has,
reliable, uncomplicated, and exact distri- however, been shown that, either by single-
bution of frequency and time-bases can be ended, digitally-controlled reference phase
maintained and of how the detailed functions prediction (digitally controlled Single
of the systems can be supervised. Figures Ended-System (SES)) or by double-ended
1 and 2 demonstrate the relaLions between propagation delay time measurement with
the required frequency accuracy and the compensation (Double Ended System (DES)),
magnitude of frequency-deviation (FD) on correct operation of the system can be
the one hand, and between frequency accuracy
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guaranteed 3
',' . Both of these procedures 1. Long-term behavior of the network

possess the property of being able to tune 
for Khi ton:

geographically-separated communication
centers to a commom network frequency. The In this case, equation (1) assumes the
availability and the short- and long-term simplified form
stability of the frequency is, above all,
dependent upon the chosen synchronization |-f 0 +K-.
method and, in addition upon the design of -1 i 1 (P - i) ''C ' (2)
the control loops which are utilized. Instead j@N
of treating all of the many possible special
solutions to these problems, we shall dis- Network frequency f, then, approximately
cuss the consequences of a general solution follows the relation
which is approximately applicable to all of
them. The basic configuration for the re- f = f
generation of timing is shown in figure 3. It f 'io>/( I- I 

corresponds to a generalized phase-locked
loop which has been extended to more than one if (fi,) is assumed to be the estimated
input. W refers to the Weighting of the ensemble mean of fj, and (Axi) that of all
timing, ACC refers to an Accumulation with delay-time variations A~ij in the network".
respect to time, VCO refers to the Volta e
Control of the Oscillator and ISC totie 2. Short-term behavior of the network
digital Control for the Initia-tate which for OstcK-'
includes Supervision, SUV.

In this case, an algebraic form can only
Results of a system-theory be obtained by the Laplace-Transformation
of network synchronization Lip(t))= P(s) of equation (1) into the domain

of complex baseband frequency s =|Q-2nf),.
The commom differential equation for a j( )=w,+~ . Equation (1), then, assumes

controlled oscillator or network node (i), the form
controlled as shown in figure 3, can be N
written, under the simplifying assumption of SR(s)-F3(s) H , )K2aj(s &P.) (S)].
linear and time-invariant system components
and with the normalized phase p(t) = (t)/2E,
as The whole system of equations, after a few

N computations, can, through a combination of
S(i t=,o(t)+h(t~thwK ai pj(t_,,j)_-(t_ (t)i. . - - - - -- -- (1) all output-phases Pj (s) and because of stii0

be written in a matrix notation
In this equation, K-aij = K-KO-aji represents P(s)_ -_G(S_]_G(s)I _+AP(s)

|  (

the open loop gain of one input (j) ref- K-H(s) (4)
erenced to the output i) in the steady
state; h(t,th) represents the impulse where G(s) is the matrix of the weighting
response of the accumulator with the time factors K.H(s).aj . This equation illustrates
constant Th; and aij is the weighting factor the relation of the output phases P(s) of an
of the input j at network node i. K0 and K0  oscillator network to its inner phase
are measures for the dynamic or steady state sources, F(s) and P(s). The matrix product
slope of the control characteristic of the [E-G(s) -. G(s) describes the closed-loop gain
phase discriminator or of the oscillator, of the entire network. One can see that, in
respectively. The dimension of K is addition to the poles of H'(s) and G(s),
(rad/s)/rad=Hz. api, (t) represents a meas- those of the matrix [E-G(s)]' become part of
ured or predictive reference phase23 , and the stability condition. Gersho and Karafin
f,. (t) represents the freerunning frequency have demonstrated, that stability of the
of the oscillator (i). entire system is insured, if

The system of equations (1) generally Det [ E-G(S)J + 0 for s- 0 (5)
comprises i=1 to N equations for the com- and -
putation of the unknown fi (t) and p t). it lir Det I E- Gs)] s'0
has been demonstrated in several puilica- S- 0 (6)
tions under rather general assumptions with i.e., if the system, for s=O, shows only a
respect to weighting factors and values for pole of first order. The validity of equa-
the reference phase, pij (t), that the so- tion (5) results in stability against
lution for the entire network which this graduarising oscillations; that of equa-
system represents assumes a common frequency tion (6) in stability agalnst freuency
fi(t)=f and a stationary phase distribution drift. In these cases it is suitable to speak
p1 (t)-pi(t) = p1 -p . Particulary, it has of short- and long-term stability. This is
been possible to develop realizations of insured if: a) for every sum of line-elements
equation (1), which insures linear o eration of (s) (i.e., the maximum closed loop gain
of the entire network withoutexc uding the of every generalized control loop), according
application of digitally working phase- to figures 3 and 4 in connection with 0,
locked loops ' . the equation

For communication engineers two aspects K)I, tJ)
of equation (1) are, w respect to time, aii(I ( ISK.Hs aj. (7)
of special interest: jG,

is valid; and b) if this value, for s-0,
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approaches 1 with no higher degree than s1 . number of network nodes (which can be taken
But, this leads to the condition of peak- as random samples of a great number) for a
jitter free control-loops with an inherent comparatively short connection time, tm.
phase error. Fig. 5 demonstrates the situa- Every trial to establish a connection is
tion of the poles and the measured dynamic taken as an elementary event, and the phase-
behavior of a network of four variously deviation, measured over one or more nodes
intermeshed oscillators as a function of the at time instant t, as a time-dependent random
product Kth. The stability of mutually- variable or stochastic process with the
synchronized networks with H(s) = (1+slh)-lis parameters e.g. 1. and 2. In the above
secured, if KThSO,5 for SES or 5O,25 for DES, mentioned consideration, the extensive mathe-
respectively. matical description of time-dependent pa-

rameter-variations has been omitted, because
Observations concernin9 figures of ierit of t,<K

1 , see e.g. reference
19

for various methods of synchronization
in communication retworks. 1. Long-term inaccuracy t >K -1

Figure 10 demonstrates nominal short- In the general case of a linear network
and long-term inaccuracy of various frequency of N oscillators, which is mutually syn-
sources. Short-term frequency variations up chronized according to the phase-averaging
to 1OOs are generally expressed in terms of principle, phase locked loops with an inte-
the Two-Sample Allan Variance ay(t) and long- gral characteristic are excluded for the
term variations as the peak coefficent of sake of drift stability. The averaged long-
Af/f for t>1OOs. Both values are based on term phase-error between two network nodes
estimations denoted by (.:.). In order to (i and j) can be computed from the systems
keep the frequency offset in FDM networks or of equations (2) which leads to
the time offset in TDM networks small, the
application of Cesium atomic-frequency <I-Pi) < M 1> \ (8)
standards emerges as a highly exact and )(-) / " - "
available frequency source. For a discussion K K T
of this principle, see reference11 . in which the pointed brackets< .... )are used

as an indication of ensemble-averaging. C(N)
The following examples of methods of represents a function of the weighting

synchronization are intended to show what factors aij and the network configuration; Af0
steps can be taken to help insure that the represents the difference of the oscillator
above-mentioned quality characteristics will frequencies fi0 and f10 in the off-control
be retained. As a reference network, we chose state; f = T" represents the network fre-
a hierarchically organized international net- quency; and 6T(t) represents the difference
work with an attached national network geared between the averages of the propagation-
to present-day and future communication net- delay-time variations ATij and Aji, which are
works, in this case that in the Federal accepted by the nodes i and j, respectively.
Republic of Germany (figure 6). In addition Concerning slight differences of synchro-
to the networks on an international level (1) nization methods see e.g. reference9 ,2 3 . As
one must also take into account networks on an estimated value, (At>represents the long-
the national level (2 to M), according to term phase-error according to Af and6t as
their size (1 to M-1). On the international estimated means (A f) and (ST> , respective-
level, references to the propagation-delay- ly, or worstcase values. Detailed estimations
time variations are based on the conclusions have shown that the long-term time interval
obtained through the operation of the error is determined only by Af/K. Therefore,
satellite "Symphonie"12 . On the national the normalized fractional time deviation
level, estimated means of propagation-delay- becomes:
time variations are based on those existing
now in the Federal Republic of Germany. T< (t)>(9)
Possible configurations for the two basic T
methods of synchronization are presented in
figures 7.1 and 7.2. Their respective merits Figure 8 confirms the fact that the effects
can be described in terms of the following of propagation delay-time variations At on
characteristics: the frequency error Afr of mutually-synchro-

nized networks could be made as small as
1. The ensemble average of the desired if KD-1 is increased without changing
fractional time- or of the frequency- to a DES. But, in the same way, the frac-
deviation (At/t or Af/f respectively), tional time error At/T increases if K0

-'
between different network node outputs decreases.
derived from the phase drift of the
networks, as a figure of merit for long- 2. Short-term inaccuracy
term-inaccuracy.

After discussing the stability of a
2. Variance of the relative time differ- generalized system without external ex-
ence between different network node citation, we shall now evaluate the systems
outputs, derived from the variance of of equations (3) in the frequency domain
the phase variations of the network, as s = jWb =j2Tfb , that is, for undamped ex-
a figure of merit for short-term- citation and with elimination of terms
inaccuracy. concerning frequency drift. This yields, in

correspondence to (4), the expression
These discriptions are based on the P

experience that long-distance connections in U,)l A - npw)I j - 0
communication networks generally pass a C(N) gjb) KH -jw P )
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in which g(jw b) = gi (jwb) from equation (7). Commercial Cs-atomic frequency standards
in the following, for reasons of simplicity, show, in the asynchronous operation mode, a
H(f b ) = 1/(1+j2T[fbth) is assumed; and the constant frequency inaccuracy. In the syn-
transient is nonperiodic i.e. Kth= 0,25 <0,5, chronous operation mode, the fractional time
as shown in figure 5. inaccuracy converges towards zero if the MSS

synchronization method with a vanishing
Equation (10) shall now be expressed as phase error is applied. On the other hand,

a j erdsecrum. One obtains, in the fre- the time inaccuracy of mutually-synchronized
qec in quartz oscillators remains constant with a

distinct increase in quality compared to the
[(1) asynchronous mode and a slight superiority

V 0b) C (N)I g~fb) 1060A of DES over SES.

in which OAF(fb) is the Power Spectral 2. Short-term behavior
Density (PSD) of the non-drifting freerunning
frequencies, and 4&p(fb) that of the non- The frequency inaccuracy of asynchro-
drifting and weighted phase variations in nous oscillators is generally less than that
Hertz 2/Hz and Timeslot 2/Hz, respectively, of synchronous networks, because the phase

variations of the transmission systems
To yield a first approximation, we deteriorate the short-term stability of the

shall, considering on the basis of work which oscillators. The fractional time error
has already been done 13,I1,l15,16.7,18, assume for 0F converges with increasing t towards the
as well as for p a white spectrum with a PSD integral of spectrally-weighted inconstancy
of 0//f1F or o0/fF, respectively, at least of the oscillators and phase variations of
over the range of the noise bandwidth f. = the transmission paths, according to
= K/4 of g(f). In this case, o2 is the finite equations (11) and (12). The DES shows a
power of variation of the process in the time greater time error, for the feedback path
domain. Thus, equation (11) takes, after yields an additional variation contribution.
integration to infinity in either direction, For reasons of comparison, the time interval
the form error TIE, recommended by the CCITT for

2 ). 2A'. 2 international communication systems
20 , has

f, _ (f / 2 (12) been outlined in figure 10. CorrespondingJC(N)1 ,----K(f NP)oP1= K2 12 recommendations for FDM-networks are con-
sidered desirable 21,22  . Nevertheless, short-

which corresponds to the sqare of the en- and long-term behavior of synchronized TDM
semble average of the time deviations, networks can be described by the indicated
(§1

2
)-((At-(a1>)

2 >. In this expression, fN fractional time errors and, according to
represents the noise bandwidth of g(f)/(f), figures 8, 9 and 10, can be interchanged
With fN0 = KOK 0 /4=f'9 we yield the expression within certain limits. The coupling of syn-

chronous networks yields a system-dependent,

K _0 ) O 2 1 12  (13) limited accumulation of time- and frequency
,- errors, a fact that has not been considered

T\ Kof  Ko • in figure 10 but determins the structure
constant C(N) of equation (8) and (10).

which, in real communication networks with a Field trials concerning both Directed- and
finite number of outputs (N), can be approx- Mutual synchronization, which are planned
imated only by an estimation value, for the telephone network of the Federal
Equation (13) expresses an opposition of that Republic of Germany 2 , are expected to
part of variations caused by frequency- or contribute further guiding datas for more
phase-noise, in dependence upon the slope precise considerations.
characteristic of the phase discriminator,Ko.
This fact has been plotted in figure 9 for Acknowledgement
various products 1y' (K 0/Kr) . Or/K 0 or
Mp= (KO/Kp)14op . For the final evaluations, The author wishes to express his thanks
it is assumed, that in equation (13) one or to Mr. Dr.-Ing. E. Steiner of Siemens AG for
the other portion tends to dominate and, helpful discussions and suggestions, and to
therefore, from both the Deutsche Forschungsgemeinschaft and

2/ /2 Siemens AG Mianchen, who have sponsored these
< T -1=_2 2 studies. The author is sincerely indebted t:

\0t. T=KD'x KD P ) (14) his assistants, Dipl.-Ing. B. MUller and
Dipl.-Ing. Chr. Jackisch, for their ne]l i:.2 2

either KD) P or KD F as additional phase- makina evaluations and printina this paper.
variations can be computed independently.
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FREQUENCY CONTROL AND DIGITAL NETWORK SYNCHRONIZATION-

Marc I. Spellman
J. Bibb Cain

David B. Bradley

Harris Electronic Systems Division
Melbourne, Florida

Summary The key features associated with the military nature of the net-
work are first, the predominance of secure or encrypted traffic tra-

Network timing is a fundamental requirement existing in com- versing the network along with the resulting importance of maintain-
munications networks which multiplex and switch digital signals. The ing bit-count integrity and second, the network stress not only from
network timing requirement is essentially fulfilled if the instantaneous normal equipment failures common to all systems but from overt
nodal clock frequency at each node in the network is synchronous to action taken by an enemy. The fact that it is a worldwide network
all other nodal clocks in the network. This paper deals with four ensures the linking together of numerous links as well as the inclu-
timing techniques, with their similriIties and differences, and with sion of several different types of links (satellite, cable, LOS micro-
their relative strengths and weaknesses in fulfilling the timing require- wave, tropospheric scatter, etc.).
ment in a switched, digital military communications network such as
the future Defense Communications System. A conclusion is pre- In this paper four techniques, master-slave, independent clocks,
sented as to the most appropriate timing techniques and is supported mutual synchronization and time reference distribution (each of
by both analysis and simulation results, which is defined in detail in the following paragraph) are compared

in order to determine the most appropriate technique to use in the sys-
The four timing techniques evaluated were independent clocks, tem outlined above. The conclusion drawn from a preliminary coin-

master-slave, mutual synchronization, and time-reference distribution. parison of the techniques indicates that each of the four techniques
The first technique, independent clocks, is an undisciplined tech- could satisfy the basic synchronization requirement of ensuring that
nique because each clock in the network runs independent of any each clock in the network runs at the same average frequency. In
control from a reference. The remaining three techniques - master- truth, the viability of these techniques is confinmed by the fact that
slave, mutual synchronization, and time reference distribution - are each of these techniques has either been implemented or is planned
disciplined techniques. In all of the disciplined techniques, each of to be implemented in at least one digital communications network.
the nodal clocks (with the exception of the master clocks in the
time reference distribution and master-slave techniques) is locked to As a result of the equally high degree of potential capability
a reference signal. One of the principal differences between the tech- associated with each of the techniques, a specific solution mcthodol-
niques is the choice of the reference signal. This difference has direct ogy was defined in order to draw quantitative comparisons between
impact on the capability of the technique to accommodate link-delay the alternate techniques. In general, the bit-slip rate for a given
variations without deleterious effects on nodal clock frequencies. buffer size was selected as the key quantitative measurement paran-
A second difference between the techniques is how each adapts to a eter: that is, for equivalent buffer size, which technique would pro-
loss of the reference signal at a disciplined node. This difference is vide the smallest number of bit slips over a given time interval. But-
manifested in the ability of each technique to keep the frequency of fers are required even in a theoretically ideal timing subsystem where
the network clocks closely aligned after such a failure. Other dif- every clock in the network runs at precisely the same instantaneous
ferences in techniques are the capabilities of providing precise time frequency. These buffers accommodate the expected pali-delay
and clock error correction, and provides precise time, is the technique variations on a single link. As the timing subsystem performs "less
that should he employed at the major nodes of the network. optimally," the size of each buffer in the network must he enlarged,

if no increase in bit slips is to occur. This is :rue since the butTers

The analysis and simulation results that will be presented indi- must now accommodate differences in i lStan taneous nodal lock

cate that the time reference distribution technique, which distributes frequencies as well as single link phase perturhat ions. Although

timing in a tree structure, includes double-ended control and adaptive buffering is relatively inexpensive, it is tertainly desirable. "cetris

reorganization, has an inherent separation of clock error measurement paribus." to minimize buffer size. because, at the very le:ms. mcrcawse

and clock error correction, and provides precise time, making it the in btuffer sizes result in increases in transmission delays.

techniqte that should be employed at the major nodes of the network.
I-he solution rie thodology followed here defused hot I a huoo-

Introduction her of desirable characteristics that ei~hance overil suby,tein utilit
and a timing-subsystem test bed consisting of a set of possible nlt-
work configulrationls and stress scenario,,. Nest, the degree to whic'h

In .,rdcr to ensure acceptable performance in a digital comIIin i c-
each technique provided time desirable -liractcrit in iI t est-fbedcations etwork. the timing or synchronization sui bsystetm of ttat s ion was evahuate.

network must at the very least ensure that each clock in the network sit
runs at the same average frequency. rlhis. however, is only a basic
reqitiremenlt for ftie synchrolniation subsystem. II order to provide
superior perforniancc additional properties should be provided. Overview of Candidate Techniques
Iach clock shoull rln at. or extrelnit, near. the sante instantaneous

frequency "lrte effect of path-delay variations on nodal clocks
shotld be ininimized. Network timing shotd be maintained in the I he four caididate techniques evaluated consisted ot iidhepe ll-

face of stress situations rhes, additioinal properties are very signifi- dent clocks which can be characterized ;is aili undiciplined- or an
cant in tIle type of network that is considered in this paper; that is. nlocked-cock approach and ilaster-slave. mntuial synchroilation,

a worlwide. switched. digital ntiitary network such as the futture and tiime reference distributon all of which are Iocked or disciplined
Defense Comlntmications System I I)(S). clock techniques.
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Independent Clocks Mutual Synchronization

I lie independent clock approach is a synchronization approach Mutual synchronization i, a synchronous technique where tile
using unlocked clocks which requires a sery stable independent clock reference for the local nodal clock is al averagc of the timing signals
at each node. Data traffic arriving fron other nodes in the network derived from each of the incoming trunks. Obviously. the loss of a

hasving independent clocks oust be butfered. This buffet must be single link will not necessitate a network reorganization as it might in

sized to ac,:omnmodaie tile possible frequcncy offsets between tile a master-slave system. However. unlike a master-slave svste1, a link
independent clocks and variations in frequency due to transohis- perturbation on any of the incoming trunks can Iase an effect on tile
sion phenomena. nodal clock. In general. it can be said that a common average tre-

quency for all nodes in tile network is achieved in the mutual \ ji-

If the nodal clocks are set to run at a nominal data late of fo. chronization system at the expense of increased variations in instan-

and the data rate of any two nodal clocks is within Af 0 of f'0 . then taneous frequencies between iodes.

tile maximum difference in data rate between any two nodal clocks
is 2 At(. .Assuming that a buffer size of in bits is chosen ( set initially Time Reference Distribution

at half full . the time required for a buffer overflow is at least
Time reference distribution iTRD) is more closely related to a

T In" U master-slave system than ammy other technique. In fact. it call be
Afn 2I described as a double-ended iaster-slave system that i referenced m,

some standard of precise time and includes an adaptive reorganization
capability and a separation of error neast rement and error correc-

letting tion. This point is worthy of elaboration. Ili order to elaborate on
this statement, four points must be discussed. These are:

S= Al 2,

- Double-ended versus single-ended
* Adaptive reorganization

denote the long-term clock stability factor. (I becomes * Reference to precise time
: Separation of error measurement and error correction

1 = (3) As the techniques have been defined, master-slave is a single-
4Sfo ended system and TRD is a double-ended system. The single-ended

approach uses a reference timing signal local to the clock being
"I hen. using Equation 13), the buffer size which guarantees that the disciplined. That is. the reference signal is the timing signal derived
time between overflows or underflows is at least T seconds can be from one of the received trunks. This signal is essentially the timing
computed. If one has an atomic frequency standard with S = 10"

11
.  signal generated at some distant node. corrupted by the link varia-

then using Equation (3). one finds that a buffer size of 1040 bits is tions inherent in the media and corrected by the appropriate filtering
required (at fo = 10 Mb/s) to guarantee a period of 30 days between in the receive node. Such a system does not require an overhead link
buffer overflows. Thus, one can see that buffer sizes may be signifi- for timing information.
cant with this approach. even using atomic clocks.

The double-ended system attempts to lock the nodal clock
There are two disadvantages that tile independent clock tech- directly to the timing signal generated at the distant disciplining node.

nique has vis-a-vis any of the disciplined clock approaches. First. This is accomplished in TRD by measuring the phase offset between
because clocks are not disciplined, ultimate inherent accuracy must clocks via a time transfer technique, as illustrated in Figure I. and by
be demanded from individual clocks. Thus, the number of cesium correcting the disciplined clock so that the measured phase differ-
clocks required in the network will be significantly larger than any of ences between clocks is driven to zero. The time transfer technique
the locked-clock approaches. This results in a significant cost impact. requires an overhead link from the disciplining node to the disci-
Second. despite the highly accurate clocks, periodic bit slips must be plined node.
accepted since clocks are not disciplined. The complete independence

of the nodal clocks does, however, insulate the network performance The adaptive reorganization capability included -i the time
from local failures and/or vulnerability, reference distribution approach addresses the problem of how nodes

within the network attain a timing reference after the primary

reference has gone down. The adaptive reorganization approach

Master-Slave essentially results in a real-time rating of all the potential timing
reference sources available for a node. This rating is based on link
qualities, clock types, and timing distribution paths to the ultimate

Master-slave is a very straightforward disciplined approach. Tim- master. The technique guarantees that the best available reference

ing is distributed through a toaster-slave tree. The nodal clock is for each node is selected in case of failure The requirement placed

derived by locking a very narrowhand phase-locked loop to the on the network for this service is an overhead channel required for

received bit timing from an incoming trunk. This approach has been the distribution of link and nodal rankings. The alternative to the

used in many of the commercial systems that have already been built adaptive reorganization scheme is a fixed reorganization scheme that

(Western Union. Datran. and AT&T). Generally, a hierarchal can result in deleterious timing results in the face of certain combina-

approach with a number of diverse routes for timing distribution has tions of failures.

been used This gives an added measure of survivability, since it
minimizes the probability that a given node will be forced to operate
asynchronously due to a failure in the particular link from which it A valuable by-product of the TRI) approach results it the rwt-

denves timing. An added degree of sophistication that is feasible work master is referenced to a source of precise time such as IT( at

with respect to alternate routing is adaptive reorganization. Ihis fea- the Naval Observatory If this is done, the network will now havt

ture is compatible with either master-slave or time-reference distribu- available at each node a soirce ot precise time. A double-endc

tion since both are based on hierarchal tree structures. However, system (such as TRD) is the only type that can provide this chatn'-

because it requires . iuplex control link and because such a link is teristic. The resulting benefits are discussed later

already part of the ijme-reverc,!ce distribution system and not a pan
ol wi,. master-slave svystem. this feature has been incorporated in tile The overhead link iequired in the TRD approach It time tans

timc-reference dtstrhuttoi am¢ -oach. fer and adaptive reirganizaticn can also be used for the transmss,..n
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.)f measured but uncorrected clock errors from nod to node. The 4. Precise Time Availability. Precise time can be defined as
TRD approach provides a natural division between error measure- the correct absolute time as kept by a standards laboratory such as
ment and error correction. If the time interval for error correction the USNO. The timing subsystem could be designed to acquire and
is long, the measured, but uncorrected, error on a series of tandem disseminate precise time from the USNO within some margin of error.
links may be provided via overhead to nodes lower in the hierarchy. This capability is desirable for the following reasons:
This permits the simultaneous correction of all clocks in the network
directly to the master clock; thus, all clocks are brought more a. The network is automatically referenced to UTC and
quickly to synchronism. has the advantages of better interoperability with other networks

referenced to UTC and compatibility with other global timing systems.
Criteria for Evaluation b. Precise time is useful in assisting synchronization of

spread spectrum equipment and in providing synchronization for
In order to compare the candidate techniques in a definitive and TDMA networks.

consistent manner, a test bed was defined which consisted of the fol- c. Precise time would be more widely available to those
lowing three areas: users of precise time within the government. This will simplify their

problems of updating their precise time standards.
I. A set of desirable characteristics which, if possessed by a

candidate technique, would enhance the overall utility of the syn- 5. Stability. The timing subsystem must be a stable system
chronization subsystem. (in a feedback control sense).

2. A set of network configurations each of which was repre-
sentative of the type of network the timing subsystem might serve. This is critical because if the system were not stable, nodal

3. A set of stresses through which the candidate techniques clocks could be continually pulled off in one direction or simply be
should hopefully continue to function, unable to maintain network synchronization. The results of such an

occurrence would be buffer overflows and therefore, continual bit
The goal of the evaluation of the techniques was to determine slips.

which of the candidate techniques would most consistently provide
the desirable characteristics while operating through stress situations 6. Monitorability. Monitorability is the level to which the
in the representative network configurations, timing subsystem can provide data used in assessing its own perform-

ance. It is apparent that monitorability is valuable at least to the
Desirable Characteristics extent that an option such as a redundant piece of equipment or an

alterr. te link is available and can be utilized as a result of decisions

A number of characteristics have been identified that, if pos- made on the basis of monitored information.
sessed by a timing subsystem, would be considered advantageous
from a system viewpoint. These desirable characteristics, although Monitorability is a significant characteristic because it can
not necessary for the provision of a minimal level of performance, do lead to greater availability. If potential failures call be identified
enhance the overall utility of the timing subsystem. The desirable prior to failures actually occurring, these situations can be remedied
characteristics are survivability, limited error propagation. compati- on an off-line basis. The result is therefore both an increase in MTBF
bility with other global timing subsystems, precise time availability, and a reduction in MTTR and therefore, a greater availability.
stability, monitorability, minimum susceptibility, flexibility, inter-
operability, and maximum availability. Below, each of these charac- 7. Susceptibility. Susceptibility is the degree to which the
teristics is defined and is justified as being important in the overall timing subsystem may be spoofed. jammed. or disrupted by an
subsystem evaluation, enemy via electronic means, as well as disrupted due to natural

phenomena.
1. Survivability. Survivability indicates the degree to which

the timing subsystem continues to perform its function (to provide Because of the critical nature of the military communica-
network timing) during periods of stress. Obviously, a military corn- tions mission, it is apparent that it could be a focal point of enemy
munications network must provide dependable communications for action during conflict. Therefore, susceptibility is a key characteris-
its users during stress situations, The frequency offset between nodes tic. Any timing subsystem that by its nature increases the suscepti-
during stress is taken as the measure of survivability of the timing bility of the network as a whole represents a significant handicap.
subsystem. If this offset increases in a stressed environment, then bit Slip rate will again be the measurable quantity in evaluating suscepti-
slips increase which lead to misaligned frames in multiplexers and bility. The evaluation consists of measuring the rate of accumulation
switches and a need to resynchronize cryptos. If the slip rate of phase error between the nodal clocks (slip rate is directly propor-
becomes excessive, data traffic will degrade significantly. tional to the rate of accumulation of phase error between the nodal

clocks at two nodes and inversely proportional to the buffer size)

2. Error Propagation. It is desirable to prevent disturbances under a variety of possible stress scenarios.

(such as stresses or path-delay variations) in one part of the network
from propagating and influencing the phase of nodal clocks in other 8. Flexibility. Flexibility is the degree to which the timing
parts of the network, subsystem is compatible with the orderly implementation, growth

and extension of the network. Such a feature is especially desirable
This is an important characteristic because in preventing the in a military communications network which must often provide at

propagation of perturbations in nodal frequencies from node to node a later date, service and capability unknown at the present.
throughout the network, one maximizes the stability of each nodal
clock and minimizes the buffer size required to achieve a desired slip 9. Interoperability. Interoperability is the degree to which

rate. The parameter that will be used as a measure of error propaga- the timing subsystem influences the traffic interface between the net-

tion is the offset in phase of each nodal clock from their steady state work it serves and other military and commercial communications

values as a result of certain network stresses. systems. Such interoperability is significant because of the inevitable
use of facilities external to the network itself.

3. Compatibility With Other Global Timing Subsystems. This
characteristic refers to the degree with which the network frequency 10. Availability. Availability which is the quotient of mean-

and/or precise time agrees with that provided by other global time-before-failure and the sum of mean-time-before-failure (MTBF)

Navigation/Timing Systems such as Loran-C. Omega. and GPS. Such and the mean-time-to-repair (MTTR) is a significant characteristic for

agreement enhances the availability of the timing function since it aHl major systems, and its importance is apparent for the timing sub-

provides functional redundancy. system of a military communications network.
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Network Configurations considered since the pertormancc evaluation of tile iiidpj)Cilidclit
clock technique did not require a simulalion niodel. Lah of the dis-

A number ol network configurations were used in the computer ciplined clock technique models consisted of the following segment%
simulation that was required to evaluate desirable characteristics such a description of how the reference inforniation was to be dissuini-
as err> . propagation and survivahility. Two reasons precipitated the nated, anl organization, reorganizatid l procedure or the network.
use of several different configurations rather than a single network and an analytical de~criplion of the processing of the timing inlornia-
configuration. First, the nodal phase and frequency offsets in any of tion at the node. In the case of tile master-stase technique, refereniie
the disciplined techniques are dependent on the network configura- iiformation "hich, is oblained from the bt transitions of tile iiicoiii-
tion, Second, the desire to keep the results of the simulation as inu data is distributed vii a subset of links v, ilci is slperinpowcd on
general as possible. Two of the connectivity patterns used are illus- the connounictlions network. Reorganization of tie network is
trated in Figures 2 and 3. Figure 2 was called the Dumbbell Node based on a predetermined ranking of a1 available references ,it each
Configuration because of its peculiar shape. It consists of two rela- node. Processing of tie timing information is accoiplished via the
tively congested communications areas interconnected by a rela- phase-lock loop which is shown in Figure 4. The closed loop has a
tively small number of links. The Meandering Node Configuration transfe r function which miav be written as
(Figure 3) is so named because of the backbone node path consist-
ing of Nodes 5, 8. 14, 18, 20, 23, 24, and 29 which are interconnected Outs) Kv F(sl
to a meandering path similar to a river. 4) S Fis4

Stress Scenarios
The loop type included in the model is a type-two loop 'A hich is

Three types of network perturbations were included in the eval- obtained by using an integral plus , proportional loop filter: i.e..
uation. First, normal phase-delay variations which can be expected F(s) = is + a)/s. Tile closed loop transfer function then becomes
on various transmission media;second, changes in clock frequencies
which can result front various clock failures: third, loss of a node and/
or link with the resultant transience in network frequency. Oo(sI 2 24cNs + saN2

i(s) 2 +
Computer Simulation i 

+ 2
24eN .-dN

Goals
where

The computer simulation was generated in order to provide a
means for studying the reaction ofa complex interconnected network °oN a and 4 = ,Kv/!4a

to various disturbances and stresses. It is mainly due to the numbers
oi nodes and links that must be used in a representative model that
a computer simulation is deemed necessary. The two- or thrce-node Two principal differences of this type of loop as compared to a
case can be analyzed without such aids. Normal disturbances include type-one loop are that the integrator in the loop filter provides "fre-
clock jitter, clock drift, initial frequency and phase offsets, and quency memory" for use when "coasting" without a reference aud
normal link-delay variations. Abnormal stresses include clock fail- that the loop bandwidth can be changed as ar acquisition aid to
ures, node failures, link failures, and abnormal link-delay variations, speed up acquisition from large fiequency offsets. The loop param-
The simulator can thus be used for comparing the performances of eters used in tracking d , not impose a limit on the acquisition time
various timing techniques. The major parameters used in such corn- as they do when using a type-one loop. This will allow the use of ver
parisons include the following: narrowband loops while still retaining good acquisition perlfrmancc.

This two bandwidth approach is included in the model. An extended-

I. The speed with which the network disposes of a transient ringe phase detector improves the performance of the loop signifi-
condition. cantly in this application by allowig the use of narrower bandwidths,

2. The degree of closeness that the nodal clock frequencies and it also has been included in the model.
are held together.

3. The amount of phase error that can be found at the various
nodes. The loop parameters selected for the acquisition and tracking

modes are shown in Table I.

During the period of recovery front a disturbance occurring some-
where in the network, the timing subsystem is itore vulnerable to
any otherdisturbances that iight occur. )uring transient conditions, Table 1

error detection equipitcnt has ., degraded frane of reference and
reconfiguration apparatus is mur - susceptible to error in the worst- Tracking = (O tN = 5.6 x 10

-5 
rad sec

case anti, at best, is subject to ; dela\yed response. Thus. shorter -0
transient time is a desirable feature. As stated earlier, the ideal con- For a drift rate of I x 10

0  1 1o per day. these paralneters give
dition is that all clocks in the network remain exactly together. By a steady-state phase error of 0.37 #sec.

providing receiving buffers on each link. some tolerance to temporary
differences in clock frequencies may be obtained. H-owever, any two Fast Acquisition ( ).707. raN = 0,007 rad/sec
communicating nodes must have an average difference frequency of
zero if finite size buffers are used and loss of data is avoided. Thus, The loop will acquire from a combined fractional freqtluvc; off-
clocks held closely together arc desirable attributes Small phase set of 2 x 10-8 and a phase offset of 2 psec in 1800 sec.
errors at iiy instant of time are desirable because phase errors repre-
sent a difference in clock time readings and are stored potential For the mtutial sy nchronization itodel, a tyle-on loo) ,V.
which may he converted to a kinetic change in clock frequencies as a selected. StatilitN analyses for single-ended mutual synchronization
result of some future disturbance. systems have shown that in order for ,imt1ual syncbrmiia n ,,

elin to be stable, it rcquires a chowd-loop vlmac respon., ii, it s:tisft..

Timing Technique Models

ile simulator consists ofmiodels of the timing techniques, trains- 0 (iWa)

mission link media models. and statistical clock models. For tlhe tim- -O Htq)l < I. > , (olI

ing technkue models, only the three disciplined technique% were i

439



It can be shown that type-two loops with filters of the form Fast Acquisition W N 0.007 rad/sec () .707
F (s) = (s + a)/s never satisfy this Condition (note that JH (CnUI> I
This means that phase jitter at the natural frequency will be amph- This results in K 0.001 S-1 and a = 0.005 S-1
fled each time it passes through the timing regeneration circuItry
at a node. Since this is a closed-loop system of many interconnected

PLL's, one can see that the amplification of phase jitter is the source Link Models

of the instability. The selected loop parameters are shown in Fable 2.
Since the nodes in the network can b, connected by links using

Table 2 coaxial cable, line-of-sight microwave, satellite or tropospheric scat-
ter media, the phase variations for each had to be quantified. The

1. )N = 1.67 x 10-3 rad/s models used were derived from the literature.
2 3 4

For a fractional frequency offset of I x 10
-
9, these parameters Statistical Clock Models

give a steady-state phase error of 2 psec.
Three types of timing clocks were considered. They are the

The TRD technique uses the same kind of structure for dissemni- cesium, beam-controlled oscillator, the rubidium. gas-cell, resonator-
nating reference information as is used for the master-slave technique. controlled oscillator and the quartz crystal oscillator. No matter
However, it is a double-ended scheme: i.e., there is a two way which of these types of clocks are used at any given time at any node.
exchange of information between adjacent nodes in a chain such that its essential properties may be described by a list of parameters which
the effects of transmission delay variations are removed. In this man- are controlled by random number generators. The parameter list
ner. the nodal clocks may be held as closely together as two-way path- contains four parameters for each nodal clock. These parameters
delay ,isymmetries and the measurement errors allow. The model include frequency, short-term stability, and accuracy or long-term
assumes that a spaecial overhead channel is utilized for carrying the stability and drift rate. Frequency refers to nominal frequency. This
reference information. A further difference between the TRD and parameter is generater, for each node from a random generator at the
master-slave techniques i, that reference information concerning beginning of each simulation run and is modified during the run by
an estimated error between the ultimate reference source and each the accuracy random-number generator or by the drift-rate parameter.
node in the chain is added in and passed on to each succeeding node At each simulation step. a short-term stability offset is generated and
in the chain. This information is not filtered before being utilized, added to the current value of nominal frequency to provide the mean

frequency for the simulation step. From vendor literature, it appears
The TRD model also utilizes an adaptive, self-organizing scheme that short-term stability (up to approximately 0.4 second ) is essen-

rather than a fixed, reorganizing scheme. TIme adaptive scheme tially the same for all three types of frequency standards it drift rates
included in tile simulatior model is based on a system of clock quality are not included for rubidium and quartz. This literature shows
factor, and link demerits, measurements for square root of the sum of the squares of successive

differences in average frequency measurements for measurement
Tite processing of timing information in the TRD technique intervals from 10-3 to 10+4 seconds. Thus, the short-term stability

that is included in the TRI) model is analogous in sonic respects to random number generator may sample from a normally distributed
the processing in tIhe master-slave technique. The TRD error proces- variable with a zero mean and a standard deviation equal to
sor is implemented as a loop filter. 6Af (2,7-), where 7- corresponds to the simulation step interval.

The error processing filter selected is shown in Figure 5. It is an These deviations are given as piecewise functions of -r for each clock
integral plus a proportional filter. If timing errors measured in nS are type in Table 4 along with systematic drift for each clock.
fed to the filter, a correction term C in nS/s appears on the output.
As indicated the proportional term performs the short-term phase
correction while the integral term performs the correction for a fre- Table 4
quency offset between the local clock and the master. The time con-
stants for these two correction terms can be made considerably dif- Quartz
ferent by choosing a <<k (i.e., selecting a large value of 4 I.

-3<log10 r"_-0.55 . IOgl0 0'-IOgl0 7"-l.7049

Two sets of filter parameters were determined, one set for

cesium clocks and another set for quartz cloks. The selected param- -0.55 < log1 0 r:54 , -" = 7 x 10-12 or Iogl00  = -11.I 549
eters are given in fable 3.

Systematic Drift ±1 x 10-
10
'day 1.57 x 10-1 5

isec
Table 3

Rubidium
Cesium ( locks

-3 -< logl 0'T:- . logl0 a= -Ioglo1- 1.7049)

Omily tracking parameters are used
-Ilogl(),T"5 2 . lOgl00'= -0).5 iOgl0 7 -1 1541)

G ) \ = 1 .1 2 x I 0 - 5  r a d s , 2 2

Ihse give K = 4.5 10-5 S
-
I and a 2.8 1l-mS

-  
2<1og 0 T<4 0=7\ 1-13 or1og0O S= 12.1549
S~ytenmitic lDrift ±1 \ 10-I .mommli -

. S 
x \t

-

-1 ii, ei% v . p c :ak fre mie n c rro r , i ,F4 1. 
-  I ' e n a -It 'pe o f

I 11sec of phase offset is I'pliet ( e,,iuni

Quart, ( rystal ('locks -3 loe Io'r!5-i , lg10 1
' -1"g, 7' -I l

llrackmin WN = I 12x 1 
4'rad/src. I -)55_lOg1 0 "'U. , . oo =g- 1- 2 mrlmgj1io' -I 154,

Ibi resuis Im K X$S 1( -4 S
-
I a ld x !10 S

-
1
. 
For !)l,'logi.< 4 c -0 5lIog10  -II (1-4

a drift rate of I k I h- 10 pet day. these paramreters pruvide a steady-
silt ph se erromr t (0 O stc. Systen tiI litit N, me I me- Te'm SIhihiv ' s I
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Typical Simulation Results Table 5

Some typical simulation results are presented in Figures 6. 7, Disturbance Peak Frequency Change (Af/fo x 1010)
and 8. These figures and their meaning are briefly explained. and
then a summary of the simulation results is presented. Nodes Mutual Master-

Away Sync Slave TRD
Figures 6. 7, and 8 each display nodal frequency-error plots at

selected nodes in the dumbbell network configuration that result Link Dropout I Max 65 Max - 3.25 0
from initial transients plus normal link disturbances plus stress events, or Node Failure Nom - 20-30 Nom - 2
Figure a displays these results for the mutual synchronization tech-
nique: Figure 7 displays the results for the master-slave synchroniza- 2 Max 30 Max - 2 0
tion technique: and Figure 8 displays the IRD results. Nom - 3-10 Nom --

(nange in 1 10-33 81 7
VCO Center

Figure 0 for example shows the nodal frequency errors for Frequency 2 0-10 10 7
Nodes 15. 17. and 25. The step change in the frequencies of I x of I x 10-

10-8 x fo at time 10.000 seconds of Nodes 18, 21, and 25 caused
Node 17's clock to clialnge by 32 x 110-10 x fo but had little effect Switch From 0 - 192 192
on the nodes in the left halt of the network. The change of I x Tracking to \-"
10-8 x fo in clocks 13. 14, and 15 at 20,000 seconds had little effect Acquisition [2(d A WnA 6

T WnT)A0]
on the nodes of the right half of the network. Node 16 acted as a Mode
buffer during the period from 10,000 seconds to 20,000 seconds.
The net result of these two changes was almost zero by 40,000 Satellite Link I Max - 7.5 0.6 0
seconds. At 40.000 seconds when Links 16-18 failed, Node 15's Disturbance
clock decreased in frequency by approximately 27.6 x 10-10 x f. 2 2.5-5.5
Loss of Links 17-18 at 60,000 seconds caused Node i 7's clock fre-
quency to decrease by about 17 x 10-10 x fo" The increase in delay
on Links 14-16 at time 100,000 seconds caused almost no change in Evaluation of Candidate Techniques
any of the three plotted nodes' frequencies. When Links 15-16 failed
at time 140,000 seconds, Node 15 decreased in frequency by approxi- In order to compare the candidate techniques, their ability to
inately 73 x 10- 0 x fo' Failure of Node 17 at 180,000 seconds provide each of the desirable characteristics delineated above was
caused the clock frequency of Node 15 to decrease by approximately evaluated. The results are summarized below.
17 x 10- 10 x f, and the clock frequency of Node 25 by approxi-
mately II x 10-10 x fo. The smaller change in Node 25's frequency Survivability
is attributed to the larger number of nodes connected to 25. Failure
of Node 24 at 220,000 seconds caused 25's frequency to momen- Since timing subsystem performance is directly tied to slip rate,
tarily decrease by approximately 32 x 10-

I10 x fo" slip rate as a function of level of stress was chosen to be indicative ofthe survivability of each timing approach.

There are two parts to the problem of minimizing the sip rate
in a digital network:

A tabular summary of the bulk of the simulation run results will I1. Keep the nodal clocks of all communicating node pairs
be much more helpful and is shown in Table 5. synchronous as much as possible.

2. Minimize the frequency offset between the nodal clocks of
A link dropout or node failure results in changing references in 2. m mnithe fqncyofset b ete the naloc of

the TRD and master-slave techniques. It results in reaveraging phase timectheyous comtunicatith anchronoms noa clocks.
errors from the remaining references in the mutual sync technique.

As a result of these types of stresses, the master-slave technique
showed peak frequency error tip to 3.25 parts in 1010. The mutual To put these comments in perspective, note that the indepen-
sync technique showed peak frequency changes of from ten to twenty dent clock technique uses asynchronous clocks at every node. The

times that of master-slave while no variation in nodal frequency was slip Tate due to buffer overflows is stictiy a function of the clock

experienced with the TRD technique due to these stresses, accuracy and the buffer size and will not change as a function of
stress level. On the other hand, one could reduce the slip rate by
slaving these clocks to a common master through some timing distri-
bution hierarchy. This would make all nodal clocks synchronous
and slips due to buffer overflows could be avoided entirely providing
there were no link or node failures. If link or node failures occur.

The response of the TRD node to a VCO center frequency then some nodes may lose their reference to the master. Then some
Lhange was due to a time skew in the components that make up the nodes with asynchronous nodal clocks may be communicating and
total time reference signal with respect to the master at nodes further could experience slips. Such nodes are called "asynchronous corn-
don the jlining chain than %here the stress occurred. ThIs tinie municating nodes" and will remain asynchronous until they once
.kew in erruf coutnpontscl wis a result of tie method of implenienta- again become locked to a connon reference. It is very desirable that
ti(n ot the simulator but is riot inherent to the TRD technique. rhis the timing approach mfihimize the period of time during which such
response does not die out in going further out the chain as with the nodes are asynchronous
master-slave technique because with TRI) each succeeding node
receives the same error due to the skewed samples.

The master-slave :ird TRD techniques experienced the same From these comments one can take iqsue with the common mis-
cbange in nodal frequency when switching from tracking to acquisi- conception that the independent clock approach offers the ultimate
tion mode. lowever, this is strictly a function of the loop raram- in survivability. One can argue that a disciplined technique with a
eters and phase threshold at which the switch occurs. fixed timing distribution network has better survivahilitv because
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nodes will not experience slips as long as they can obtain a reference. Table 8. Error Propagation Due to a Link Outage
and when a reference is not available, they revert to a self-reference
approach which has performance that can approach the independent Distance Peak Af/fo
clock technique. However, the improvement in using this approach (Nodes) Master-Slave Mutuai-Sync TRD
is not great because of the significant probability that a node will
lose its reference. This is the reason that hierarchial disciplined I 1.7 x 10- 10 4.5 x 10-9  6.5 x 10-1 I
approaches have been criticized for having poor survivability. How-
ever, there is a better way for distributing timing. In fact, a dramatic 2 6.5 x 10

-
11 8 x 10

- 10  
6.5 x I0

-I 
1

improvement in survivability can be obtained by using an adaptive
timing distribution network. This is due to the ability of each node 3 4.5 x 10

- I 1 4 x 10-10  6.5 x 10-11
connected to the network to find another reference after the loss of
a reference. An analysis was carried out based on the expected time 4 4 x 10

- 11  
4 x 10-10 6.5 x l0

-11

between bit slips in selected subnetwork configurations that supports
this statement. The TRD approach which includes the adaptive Table 9. Error Propagation Due to a Fractional Frequency
timing distribution feature was therefore considered the most surviv- Step of 10 "8 in Nominal VCO Center Frequency
able approach.

Distance Peak Af/fo

(Nodes) Master-Slave Mutual-Sync TRD

Error Propagation 1 8 x 10-10 1.4 x 10-
9  

8., 10
-
10

It is highly desirable to prevent perturbation in the frequency of
one nodal clock from propagating and influencing the frequency of 2 6.5 x 10

I 
1 x 10-10 8 x 10-10

nodal clocks in other parts of the network. By minimizing such per-

turbations of nodal clocks, one maximizes the stability of each nodal 3 1.3 x 10-11 5 x 10-10 8 x 10-10

clock and minimizes the probability of a bit slip. 4 1.3x 10
- 11  

5x 10
- 10  

8x 10
-10

Compatibility With Other Global Timing Sources
The degree of error propagation for several types of disturbances

was evaluated for each of the disciplined timing techniques. Four Compatibility with other global timing sources was judged signif-
types of disturbances were evaluated. These were a link dropout, a icant since this would result in greater redundancy for the timing
step change in nominal VCO frequency, a step change in path delay, function at each node.
and sinusoidal path-delay variations. The disturbances were applied
at one point in a network and the effect on other nodal frequencies Two points were considered when the alternative techniques
was measured as a function of distance Iin number of nodes) from were evaluated. First, did any of the techniuiucs lend itself to an
the disturbance. The results ,ic Summarized in Tables 6, 1. 8. and 9. easier hardware implementation to achieve this compatibilit. 7 The

conclusion was that all the techniques required essentially the same
hardware. Second. would any of the techniques result in a smoother
transition to the external timing source" (In this case. the icrm
"smoother transition" refers to a mininun phasc,frequency transient

Table 6. Error Propagation Due to a 0.65 as Step at the node transferring to the external source and in the network as
Change in Path Delay a whole.) The conclusion here was that the TRD technique offers

the potential for a smoother transition because of the likelihood that
ljirance Peak A f/fo if the technique were implemented, both external and internal timing
(Nlodsi Master-Slave Mutual Sync TRD would be referenced to a common time standard such as UIC.

I , s 10
- 1(0  10

- 10

Precise Time Availability
- 10

-10  
3 xI0 l

If the master clock in the TRD system is referenced to a precise
3 6 x iu'l I 2.5 x 10

-
I1 time standard such as UTC. the double-ended feature of the I RD

approach provides the availability of precise time at each of the net-
4 4 x 10-  2.5 x 10

-
1I1 work nodes. This feature cannot be provideid by any ol the other

techiiques. 1 he potential benefits for the .nchron[itori uh-

system are principally in the areas of conipaibilit. and ntrotrpra-
hility. Thcre irc. hossever. potential hen clis coniplele.e d isr cd
from the network tinno L luilction. I hesc dep'end on thc nuilcr W
potential users of precisC time that will be able to obtain it trom tile

Table 7. Error Propagation Due to a Sinusoidal Path Delay network nodes. We have not had the tim.e to gauge this ancillar)
Variation on All Links With a Magnitude of 0.65 ps benefit.

Peak-to-Peak and a Period of 1 Day
Stability

l)jstan~c Peak Af/fo
(Nodes) Master-Slave Mutual Sync TR) Network stability in the control system sense is nconditional!.

assured in bolh tile iidependent clocks and master-slave techo i ues.
1 5 x 10- I 

I 1.4 , 10- 10 In the TRI) approach, the only potential problem is bit errors m thc
information fhoss required for adaptis c reirrgani/ation. Such c rror,

5 1 10- I .4 x 10- 1
(0 could lead to portions of the network being configured as mu tal

synchronization snbrnetworks. This problem can, however. be aolded
3I I I 1 4 x 10- I

0 by the use of error correcting coding which essentially can reduce tile

probability of an error to an acceptable levl. B3ecase the required
4 0 I -1 I I 4 x 10-10 inlorlntioti rates are low, this is a very plausie 1C olutton
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As noted above, the stability of the mutual synchronization Conclusionssubsystem does present more stiingent requirements. Stability canbe ensured, however, by diligent loop gain control at each node. The results of both the analysis and simulation efforts indicate
that time reference distribution is the technique that provides theMonritorability greatest overall utility. The TRD technique ranked higher in a major-
ity of the desirable characteristics. The simulation indicated thatThe monitoring of the timing subsystem performance at a partic- TRD could maintain closer frequency coordination between nodalular node can be accomplished equally well by any of the alternative clocks in the face of both stress and normal operating conditions.Lechniques. The TRD technique, however, provides information not The advantages of the TRD approach result from its key propertiesonly of performance at the local node, but of performance at both such as double endedness, adaptive reorganization, separation ofthe adjacent nodes and the network as a whole. What can be achieved error correction and error measurement, and provision of preciseis the identification ofpotential problems before they become serious time. It is worth noting that all of these features require an over-problems. The information that is used is that present at the local . head link capability, so there is a price to pay for this improved per-node as a result of the double-ended feature, the adaptive reorganiza- formance. In fact, the benefits of TRD that are highlighted at ation feature, and the separation of error correction and error measure- highly connected, high-bit rate, "major node" are not as significant

ment feature. at a limited connected, low-bit rate, "minor node." Furthermore, at
a minor node, the overhead channel required for TRD would repre-sent a larger percentage of the data traffic. Therefore. the conclusionSusceptibility reached is that in a worldwide military digital network, the TRD
technique is the appropriate timing alternative at the major nodesThe independent clocks technique is the only technique that is and that the master-slave technique (which does not provide thenot susceptible to jamming or electronic countermeasures. This is additional capability, does not require an overhead link, and is corn-true since it is the only technique that does not depend on informa- patible with TRD) is the appropriate alternative at the minor nodes.

tion transfer between nodes for operation,

The three disciplined techniques follow in increasing suscepti-
bility as follows: TRD, master-slave, mutual-sync. This ordering is Acknowledgements
based on the degree to which the effects of a jammer, operating ona single node, will be felt throughout the network. The authors are indebted to Dr. Harris Stover of the Defense

Communications Agency for his guidance and helpful suggestions.
The work on the computer simulation by Messrs. Ron Huhn and Carl

Flexibility Geisler is also gratefully acknowledged.

The only technique that may present an inherent problem with
respect to growth and change in the network is the mutual-
synchronization technique. Here, as discussed earlier, as nodes drop
out or are added to the network, permanent changes occur in the
network frequency.
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FREQUENCY COORDINATION IN A NETWORK OF
INTEGRATED SWITCHES

Henry A. Sunkenberg
Dr. Myron J. Ross

GTE Sylvania Incorporated
77 "A" Street

Needham Heights, Massachusetts 02194

1. Summary

This paper examines the synchronization requirements inherent low-speed video), while the Class I1 region incorporates traffic asso-
in the control of switching and multiplexing functions in a network of ciated with packet or message switching (e.g., narrative record, inter-
digital time division switches interconnected by terrestrial transmission active, query/response, data base update, and non-sensor bulk data).
facilities. Specifically, two aspects of network synchronization will be
described. The first relates to the problem of maintaining an accurate
and stable clock at each switching node in the network so as to provide I
for the synchronous switching of digitized voice and data; the second MAC / 2
is concerned with establishing and maintaining master frame synchron- . - -,,

ixation in the digital trunk groups interconnecting the switches. Al-
though we will primarily be concerned with a military environment in / .
which both virtual circuit switching and packet switching are provided / /4
by an integrdted switching system, many of the ideas expressed are / /o.. \
applicable to both military and non-military networks providing only / .,

virtual circuit switched service.. , I

2. Introduction I I

Digital transmission and switching techniques are now well estab- 'o, /
lished and promise to be more prevalent in the future. There are al-
ready either existing or planned commercial digital switching and long- ,,% / /
haul transmission systems in the U.S.. Canada, Japan, England and \ ..\ -' /
France! In addition, the DoD is planning AUTOSEVOCOM I1. a N, O .
worldwide secure digital switching system which is scheduled for - -
initial service around the 1980 time frame. 6 An important charakcr- -. .

istic of the above-mentioned systems is that they permit the sharing
of transmission and multiplexing facilities by both digitized voice and
data. It has been established that integrated transmission is more
economical than separate transmission facilities. Recent studies 7'b  Figure I. Integrated Voice/Data Master Frame Structure
have demonstrated that even greater economies can be obtained by
integrating the switching function as well. Utilization of trunk groups
is between 50 and 70 percent in a conventional virtual circuit switch In the Class I region, channel connections are allocated and main-
engineered for 0.01 grade of service. Thus, approximately 30 to 50 tained in accordance with link maps at each end of the link. Changes in
percent of costly transmission capacity is unused in a conventional these link maps are coordinated by common channel interswitch signaling
switch. However, when integrating both the circuit and packet (CCIS) messages. Class II data is handled as packets and is dynamically
switching functions, trunk utilization can exceed 90 percent. There- allocated as a function of the available space in each master frame. All
fore, considering the growth of data forecasted for the 1980's and be- CCIS messages required to initiate, allocate, coordinate, and terminate
yond, it can be expected that totally integrated switching networks may Class I calls are themselves treated as Class 11 data.
be required as early as 1985.

The typical IDS master frame shown in Figure I is based on a 10
To provide the necessary timing for such a network a synchTon- msec period and a 230.4 kb/s transmission rate. Each of the wedges in

ization scheme is required which meets the desired performance the Class I region represents the bits associated with one calL For
criteria, is cost-effective, and exhibits other key advantages such as example, a 16 kb/s voice call is handled by reserving 160 bits in each
reliability, survivability, modest complexity, maintainability, and master frame for the duration of the call. If the call lasts five minutes,
interoperability with other systems. In this paper, both network then 160 bits are reserved for 30,000 master frames. The Class II region
timing and frame synchronization are examined with respect to these of packet-switched transmissions is shown in this specific case carrying
criteria, one CCIS message and two data packets. These could be of different

sizes and ordered by precedence. The end of a master frame is marked
3. Integrated Voice/Data Switching Concept by the SOF marker of the next subsequent master frame.

The network considered in this discussion consists of digital Within the Class I region, call location reflects primarily the age of
switches carrying voice and data integrated together in two classes: one the call. The closer a given call is found to the SOF marker, the older
class emulating circuit switching concepts and the other packet switching in general that call is. As calls are terminated, the Class I region is
concepts. The master frame structure employed by these integrated compa.cted and everything moves up, including the Class I/Class II
digital switches (IDS) is shown in Figure 1. ooundary. This shrinking of the Class I region causes the Class Ii region

to expand. thereby allowing more data packets to be transmitted. In
As shown in this figure, the IDS concept"' is based upon the this way, the regions react dynamically to changes in one another, re-

partitioning of transmission capacity into constant period self- suiting in a maximization of the throughput.
synchronizing master frames. The self-synchronizing capability is
realized by a start-of-frame marker (SOF) which indicates the beginning 4. Network Synchronization
of each master frame. Following the marker, the remainder of the
master frame is divided into two parts: a Class I region and a Class 11 The problem being considered is to define the means by which the
region. The Class I region contains those types of traffic normally IDS network synchronizes switching and multiplexing functions so that
associated with circuit-switching (e.g., digitized voice, facsimile, and all data which is received at a node from a connected node and is to be
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transmitted to a connected node, is delivered to the proper destination, the link, and the receiver buffers at each end of the link will empty (fill)
in the proper sequt:ncc, and without the addition of extraneous bits. simultaneously. On the other hand. if the nodal clock at A is faster
There are two aspects to the overall network synchronization problem, (slower) than the nodal clock at B, then the buffer at A will empty (fill),
internode and intranode synchronization. The former includes net- while the buffer at B will fill (empty). It should be noted that by corn-
work timing and master frame synchronization on a link-by-link basis, paring buffer changes at both ends of a link, it should be possible to
The latter concerns master frame alignment and coordination at each determine whether buffer changes arc due to clock or transmission delay
node. Mainten, nec of network timing in the IDS network constitutes variations.
the same problem it does in any digital network and is discussed in
Section 4.2. Frame Synchronization is examined in Section 4.3.
Frame alignment and coordination for IDSs is somewhat more compli- Estimates' 3 of transmission delay variations for coaxial cable and
cated than in a convention TDM/digital switch due to the dynamic microwave radio are as follows:
nature of the IDS master frame. This problem is considered in
Section 4.4. Throughout this discussion, it will be assumed that all a. Coaxial Cable
links connecting nodes transmit at the same data rate and possess the
same master frame period. I. The dominant cause of delay variations is linear expan-

sion caused by temperature change.
Before examining the two aspects of network synchronization dis- 2. Changes in transmission delay occur slowly.

cussed above, we will consider the two basic problems with which all 3. For a path length of 3000 miles and a transmission rate
synchronization plans must contend: nodal clock frequency drift and of 1.544 Mb/s, the change in the number of bits stored
transmission delay variations, in a cable due to a 220 C temperature change is approx-

imately 10 bits.
4. I Frequency Drift and Transmission Delay

b. Microwave Radio

Two types of clocks are primarily used in digital networks,
crystal clocks and atomic clocks. Figure 2 illustrates typical character- I. Delay variations are due to changes in temperature,
istics for commercially available clocks.'H o (r). the square root of pressure, humidity and probably rain.
the Allan Variance 2 , provides an invariant measure of the short-term 2. Rapid and long-term delay variations are possible.
stability ofan oscillator. It also characterizes the long-term stability as 3. Average variations in link bit storage for a 1.544 Mbis
long as y (t) is assumed stationary over the longer averaging period. transmission rate are ( I ) daily, 0.49 bits; (2) monthly.
Here. wc ssume that a y 

2 (r) is valid at least for r less than or equal 2.5 bits; (3) Yearly, 7.4 bits.
tO a year

4.2 Network Timing

It is not possible to have all nodes within a network in perfect
I synchronism. Consequently, any data received at a node from a con-

nected node must be brought into synchronism with the local clock
There are two primary methods for performing this internode ynch-9 1 LQUART ronization:

Q a. A synchronous or clocked approach where each nodal clock
S0 J is controlled so that all clocks maintain th, sane a' crage

,OG, , j frequency

RUBIOIUM b. An asynchronous or unclocked approach where all nodal
clocks are independent, extremely stable and free running.

-12 - and buffers are used to absorb frequency error'.

-13- CESIUM The four major internode synchronization method,' 4
"

'. are:

-14 - a. Independent Clocks Asynchronous Clocks
b. Bit Stuffing
c. Master/Slave Synchronous Clocks

1 2 a 4 s 6 1 8 d. Frequency Averaging. S

LOG, I I I Included within these four methods are numerous variations such

NJOTE: 'v2 I Al e DAY MONTH YEAR as the modified (or hierarchical) master/slave, external time reference.
4112 ,7E Aand the time reference distribution systems. In general, the choice of

an 'optimum' scheme would depend on evaluation criteria (network
Figure 2. Typical High Precision Clock Performance objectives) and the network topology being considered. Table I illus-

trates the authors' attempt to objectively rate the major network timing
schemes with respect to five categories. Implementation cost denotes

For the purposes of network timing, it is sufficient to consider both hardware and software development costs. This criterion is used
only the long-term stability of the clocks. Thus, the stability of a corn- because many timing schemes require software for the nodal timing
mercial crystal clock may vary, depending on cost, between 10-6 and unit controller and because the basic hardware costs do not vary con-
10- r0; the stability of a commt rial atomic clock is on the order of siderably between the alternatives relative to total network costs.

10-12. Because of the greater stability of atomic clocks, they are Reliability/availability includes both -quipment failure rates and the

usually used as the master clock(s) within a network. Crystal clocks impact of the environment; for example, bit stuffing codeword errors

are usually used for backup purposes or as nodal clocks (possibly can result in loss of bit count integrity (slips) in the affected channels.

phase locked to a master) at lower level nodes. Because all clocks ex- Survivability reflects the impact of the loss of nodes or links. Both the

hibit frequency drift, network timing is usually recalibrated once or reliability and survivability categories in Table I do not consider the
hwit fyre n drainta nerimstangar. inclusion of backup systems. Monitoring/maintainability considers thetwice a year against a primary standard, complexity of the hardware and the performance assessment informa-

tion that can be derived from the timing system, while service contin-
Transmission delay variations also cause timing problems; however. uity reflects the frequency with which network users can expect slips.

their effects manifest differently than do the effects of nodal clock
variations. To see this, consider two interconnected and independently Thus for any given application, the network designer would have
timed nodes A and B. If the transmission delay between A and B in- to weigh each of the five categories to reflect his requirements, and
creases (decreases) in both directions, then more (less) bits are stored in possibly consider other criteria should these be insufficient.
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Table 1. Relative Comparison of Bit Synchronization Schemes would not be significantly more survivable than either of the other
two approaches, and would definitely be higher priced. Note that

-____ - 50ftTOS,G - even if the tandem nodes are not fully interconnected in an actual
TTo W-111W SUV, MAINT.,. SSRVC implementation, the degree of connectivity is likely to be sufficiently"=T' --- AII Ihigh to make the elimination of the independent clock approach

K justifiable. An additional consideration is the fact that future com-
s 2 , 2 2 3 munications will likely see a greater and greater use of end-to-end

, 3 2 3 , 2 encryption, making asynchronous techniques less and less attractive.
The choice between the master/slave approach and frequency averaging

3 2 is not so clear. It would appear, however, that the advanced state-of-
- F, D the-art in master/slave techniques and the numerous stability problems

, ' inherent in frequency averaging makes the former the practical approach.
1- For this reason, the master/slave technique is the approach that was

2 vERUO22 1 J _ _ _ 2 _ selected to synchronize master nodes in the IDS design.

The IDS is being considered for application within the future The operation of the chosen timing scheme will be illustrated
military environment. Within this framework, the network model with respect to Figure 3. In accordance with the chosen synchroni-
used for evaluation of the IDS is a two-level hierarchical configuration zation plan, a particular tandem node is designated master node for
with ten tandem nodes, highly interconnected, and fifty regional or subnetwork 6. That is, during normal operation, all other tandem
access nodes (five per tandem node), each feeding one tandem node. nodes slave their timing to this node. Because the tandem nodes are
This model is derived from the current thinking of the Defense Com- fully interconnected, any tandem node could be chosen for this pur-
munications Agency with respect to the evolution of the Defense pose. It is assumed for illustrative purposes that T5 (in Figure 3) is
Communications System 16 toward a structure which provides inte- designated master. It should be realized though that T 5 serves as
grated voice and data in a common-user network. Thus, network master not only for the other tandem nodes/local masters but also for
timing in the IDS network could be accomplished by any of the major all regional nodes (slaves) via the three level hierarchy which results
timing schemes with the probable exception of bit stuffing; this is due from the modified master/slave implementation. As a practical means
to the variable channel rates being processed and the fact that the of implementing this master/standby master arrangement, it will simply
switching is performed by software. be necessary to assign a slaving precedence to the tandem nodes. The

master would be assigned the highest precedence n (where n is the
Based on an analysis of the requirements of the military communi- number of tandem nodes) and the standby masters successively lower

cations and the postulated network structure with respect to Table 1, precedences (n-I, n-2. n-3, - --, 1) as determined in an appropriate
the modified master/slave technique was selected as the preferred manner. Then, at any tandem node which is slaving its timing, the
scheme for use with IDS switches. In this approach, each tandem node nodal clock would slave to the link which has the highest precedence
in the network would serve as a local master for all regional nodes level and from which proper timing signals are being received.
(slaves) to which it is directly connected; thus, each local master and
its connected slaves would form, in effect, an independent subnetwork. As presently described, the network is extremely vulnerable to
For the particular configuration described (i.e., 10 tandem nodes and loss of the master. In fact, in order to avoid frequent link buffer
50 regional nodes), the network would comprise 10 subnetworks with overflow/underflow in this event, it would be necessary to equip all
each subnetwork containing 5 slave nodes. A typical network con- nodes with either very stable clocks, large link buffers, or an appro-
figuration is illustrated in Figure 3. Observe that all subnetworks are priate combination of the two. Asa means of avoiding this necessity
interconnected at both the local master and slave levels. It is assumed and to greatly improve survivability, at least one other tandem node
that each subnetwork would be defined by geographical as well as will be capable of assuming the master role. It would be possible to
traffic considerations. have all tandems so equipped; however, the actual number of standby

masters used would be determined from the degree of survivability
desired, the accuracy of the nodal clocks, and the size of the link buf-

i" .3 SUM.,- SU// 1OI \fers. It is also possible for only part of the timing tree to reconfigure.
k-,7 \s / \ 5, 33 For example, if the link carrying timing signals from T5 to T, were to

fail, then T2 would automatically slave to T1, assuming it is the node
with the second highest precedence level. Timing in subnetworks I, 3.

T '~4 and 5 would be unaffected by this partial reconfiguration.

... In the IDS network, status information concerning the various
- "--nodal timing supplies would be exchanged between switches in the

form of CCIS messa s. Additionally, the precedences of the tandem
nodes could be periodically changed for increased security and sur-

\vivability. Again, CCIS messages could be used to accomplish this
T2 /since, in the military environment, all interswitch trunk groups will be

bulk encrypted.

3 2z .Figure 4 is an example of the design of the timing unit which
. - -- -3 could be employed at a tandem node. The slave node timing unit is

R REQQA L O E - - -o- -
NO, Tmono, cUIEIIo~qICOwsn 0',T Uuco 3, '-h r, -. },i£

Figure 3. Typical Network Configuration - _ .'-.-

There are three alternatives for synchronizing the local masters
frequency averaging, a master/slave arrangement, or independent
atomic clocks. The first two approaches would result in an overall .. _
synchronous network. The independent clock approach would result
in asynchronous operation between subnetworks and as previously
mentioned, synchronous operation within a subnetwork. Again. con-
sideration of the assumed network structure, specifically the fact that
the tandem nodes are fully interconnected, reduces the selection to
frequency averaging and the master/slave approach. This follows.
since for the gven network configuration independent atomic clocks Figure 4. IDS Timing Unit - Master and Standby Master Configuration
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essentially equivalent except that it uses two phase locked loops in- In order to accomplish these functions, three start-of-frame markers
stead of the atomic clock and single phase locked loop used at master/ (SOF) are used:
stand-by master location Redundant clocks at each node and mul-
tiple atomic clocks are specified to meet the stringent availability/
survivability requirements inherent in a military environment.

In order to provide for communications within or between sub-

networks which for one reason or another are unable to operate in a
slaved node, all nodal clocks will be capable of free-running. The
required stability of the nodal clocks in the free-running mode is a MU _ MUfunction of the size of the link buffers. During normal operations,fnonhof. thiorthe aiaink bufrs. Duing nralu ar obepetions 4
the link buffers at each node should maintain a long-term average fill
of one-half. Short-term variations from this value are to be expected
due primarily to jitter introduced by repeaters, transmission delay
variations, and tracking inaccuracies in the phase locked loops. Major
excursions from the half-way point would arise when a nodal clock is IDS I2 (TANDEM SWITO-I
free-running or the phase locked loop is acquinng lock following an
outage or possibly a switch from the network master to a standby FULL DUPLEX LINK
master. The link buffers must be sufficiently large to absorb the maxi-
mum bit slippage to be expected during the two types of events. The
more severe of the two events is the case of the free-running oscillator
and the link buffers will be designed for this eventuality.

tDS a (ACCESS sWITCH)

Based on the typical stabilities of commercially available clocks,
as shown in Figure 2, the buffering required to compensate for nodal
clock drift in the free running mode is shown in Figure 5. For the IDS
design, a buffer length of 256 bits was chosen. Including the effects of FMU FUME.
transmission delay variations as described in Section 4. I, this permits MAINTENANCE

free running capability at all nodes of approximately a day. UNT55OfS(S)

OU RTZ/ ARTZ
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Figure 6. Frame Synchronization Equipment
CESItUNeESILIM

LO o SOF-l: In-sync pattern. When transmitted from IDS I to IDS
to. BU, o 2 (see Figure 6), it provides a synchronization pattern

for IDS 2 and informs IDS 2 that IDS I is in-sync in its
receive direction.

SOF-2: Request-for-frame pattern. When transmitted from
IDS I to IDS 2, it provides a synchronization pattern
for IDS 2 and informs IDS 2 that IDS I is out-of-sync
in its received direction.

SOF-3: Out-of-sync pattern. When transmitted from IDS I to
IDS 2, it permits IDS 2 to resynchronize within a
small number of frames.

At this point, it is tentatively assumed that SOF-I and SOF-2 are short
sequences on the order of 16 bits and that SOF-3 is a much longer

4, * , * .sequence. The exact length of the SOFs required to achieve adequate
LOGT IT- , M IN NONSTO FIST LOS F , *,,,, performance is determined subsequently.

IN FREE wU~MMO moot)

Figure 5. DAX Buffer Requirements The FMU has two operational states or modes: a frame main-
tenancc mode and a frame acquisition mode. When operating in the4.3 Master Frame Synchronization frame maintenance mode, the FMU assumes that the link is in-sync
and monitors for loss of this condition. To ensure that the FMU per-In each master frame, the location of each virtual circuit switched forms satisfactorily in this mode, the algorithm by which it chooses

connection is only known relative to the starting position of the mas- between in-sync and out-of-sync must be such as to simultaneously
ter frame. Therefore, before Class I information can be transmitted minimize the following probabilities.
over an inter-IDS link, master frame synchronization must be establish-
ed and maintained. The method by which the IDS accomplishes this a. Prob (false out-of-sync alarm), PFOA: this denotes the
type of synchronization is the subject of this section. It is assumed probability of the FMU indicating out-of-sync when in
that network timing as described in the previous section has already fact the link is in-sync
been achieved. b. Prob (loss-of-syne miss), PLM: this denotes the probability

of the FMU indicating in-sync when in fact the link is
Those portions of a IDS concerned with frame synchronization out-of-sync.

are shown in Figure 6. The frame maintenance unit (FMU) is the
hardware which realizes the chosen synchronization procedures under
software control. An FMU is associated with each full-duplex inter- In the frame acquisition mode, the FMU assumes an out-of-sync
IDS link and performs two basic functions. It maintains synchroni- condition and scans the input for a valid SOF. This portion of the
zation in the receive direction and assists its companion FMU at the acquisition mode is refened to as the search phase. Once the FMU
remote switch in maintaining synchronization in its receive direction, locates what is believed to be the valid synchronization position, it
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terminates the search phase and enters the check phase. During this each master frame for n successive master frames, the FMU correlate
next phase, the FMU attempts to verify that the assumed synchroniza- (compares bit-by-bit) the bit pattern in the assumed synchronization
tion position is in fact the true synchronization position. If the check position with the expected SOF. If a correlation results in r or fewer
phase indicates that the assumed position is incorrect, the FMU returns bit disagreements, a positive correlation is recorded, otherwise, a nega-
to the search phase: otherwise, the FMU assumes that resynchroniza- tive correlation is recorded. Whereupon, if in n such comparisons the
tion has been achieved and returns to the maintenance mode. A number of positive correlations equals or exceeds some fixed threshold,
measure of the performance of the FMU in the acquisition mode is the t, an in-sync condition is declared and the test is repeated with the
Prob (false in-sync alarm) of PFIA. This is the probability that acqui- next n master frames. If the number is less than this threshold an out-
sition mode leeks on to a position which is not the true synchroniza- of-sync condition is declared, the frame maintenance mode is terminated,
tion position. The acquisition mode must be designed to make this and the FMU initiates the frame acquisition mode.
probability negligible. Another factor of interest in the acquisition
mode is the average time to acquire synchronization, <u>. This The performance of the frame maintenance mode is measured in
quantity denotes the average number of bits required to lock on to the terms of PFOA and PLM" These probabilities, as may be expected,
correct synchronization position and excludes the check phase when are intimately related to n, Ni, and t. Unfortunately though, PFOA
the correct synchronization position is found. Since on the average, and P have opposing requirements, that is. as the parameters are
the FMU must check half the frame before reaching the transmitted varied to decrease (increase) PFOA, PLM increases (decreases). A full
SOF, <u> is lower bounded by one-half frame, parametric analysis to jointly optimize PFLA and PLM would require

extensive computer time. In order to avoid this necessity, a value of
4.3.1 SOF Bit Pattern Considerations - A valid SOF can appear n will be chosen which results in a reasonable mean time to determine

in any of three regions within the master frame: the true synchron- loss of synchronization. For this value of n, the test threshold will
ization position; a region comprised partly of the true synchronization be parametrically varied for likely Ni candidates to determine if
position and partly of random data, denoted as the overlap region; reasonable values of PFOA and PLM result. If not, the process will be
and the pure-random data region. In the frame maintenance mode, the repeated for different values of n. Although this procedure may not
FMU scans only region I while testing for valid SOFs. Clearly, then, result in an optimal solution, it does provide excellent results. As a
for a given SOF length, the probability of obtaining a false synchron- starting point, the following is assumed, n = 10 master frames,
ization pattern correlation is independent of the particular bit pattern N. = 13 or 16 bits and r = 1. Additionally, a bit error rate, e. of .01
used and depends only on the error environment. In the search phase, is used in the analysis. Whereupon, in terms of previously
the FMU sequentially scans all these regions searching for a valid SOF. PFOA,
For regions I and 3, the same conclusion applies; namely, for a given defined parameters, is given by:

SOF length, the bit pattern used plays no role in determining the prob-
ability of obtaining a false synchronization pattern correlation. How- PFOA = (PAB))k (P(AIB))n-k
ever, the SOF bit pattern does impact on the probability of a false k
correlation in the overlap region since this probability is a function of
the number of bits in agreement with the true SOF. To minimize the where
impact of SOF simulations in region 2, it is necessary to satisfy the
following bit pattern restriction,'17  (Ni Ni-k

P(AIB) = /_ ,/ e k (l-e) and

(Po,Pl,°P2 .... Pj-) i(PNi-J, PNi-j+l .... N' NI) k = n

j1, 2, .. ... Ni  P( JB) = I- P(AIB) .

where (po, p . , PNi -1) = SOF- i and Ni = length (SOF-i). A determination Of PLM depends on what region of the master frame
the FMU is monitoring. As discussed previously, a worst case assump-

This ensures that in an error free environment there can be no simu- tion is to assume that the FMU is monitoring the random data region.
lation of the SOF in region 2 and also serves to minimize the proba- In which case
bility of this event in a noisy environment. As a consequence of the
above SOF bit pattern restriction and the fact that the acquisition nn k
mode includes a check phase, it is assumed that PFIA is calculable by PLM 5 k ) (P(AIB) )k (I- P(AIB) )n-k
considering only region 3. k=t

Due to the assumed length of SOF-3, it is not necessary that it where
strictly adhere to the above bit pattern restriction. In fact, as long as N
it is of reasonable length (e.g., > 25 bits), SOF-3 can be chosen for R -N
convenience rather than as a result of careful analysis. Thus, if SOF-2 P(AIB) =. k 2 Ni

is chosen to be the binary complement of SOF-I (thereby maximizing k=o
the Hamming distance between the two), tMen SOF-3 can be the
convenient pattern SOF-I II SOF-I II SOF-2. Such a choice for SOF-3 Figure 7 illustrates the result of the PFOA and PLM calculations for

would simplify the hardware implementation of the FMU and the the specified parameter values. As may be seen from this figure. the
transition of the FMU from the acquisition mode to the maintenance chosen parameter values provide excellent results; however, a decision

mode. as to which SOF length is preferable will be deferred until the impact
of frame acquisition has been considered.

4.3.2 Frame Maintenance Mode Performance - The FMU enters 4.3.3 Frame Acquisition Mode Performance - The operation of
the frame maintenance mode upon acquisition of frame synchroniza- the FMU during frame acquisition is a two-phase process. It should
tion and maintains this mode until it determines that synchronization be noted that the FMU must be capable of synchronizing with SOF-2
has been lost. There are numerous methods by which the FMU can or SOF-3. Since SOF-2 is the shorter of two sequences, the frame
decide between an in-sync and out-of-sync condition. The method to acquisition mode must be designed to perform adequately with SOF-2.
be used here is an n-frame test using non-overlapping frames and a However, SOF-2 is also used in the frame maintenance mode; thus,
fixed threshold decision process. The primary reasons for selecting its length must be such as to satisfy the requirements of both modes.
this method are as follows:

The principal parameters which control the performance of the
a. The implementation is straightforward and is easily realized frame acquisition mode are r, s (the length of the check phase) and

with hardware or software Ni , where performance is measured in terms of<u> and PFIA- It
b. The implementation provides excellent performance for can be shown'" that subject to assumptions which are met here, the

carefully chosen values of n, the fixed threshold, and other average time to acquire synchronization in the acquisition mode is
test parameters. M(- P(,IB)u>- !- + M P(')+ M (Afi 1( + 2 s

The specific operations of the chosen technique require that for 2 P(AIB) 2 P(AB)
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where P(AIB), P(AIB) and P(IIB) are as defined in the previous section, -N-s
and M is the length of the master frame (assumed here to be 15440 bits). PFIA P2 RS

16 BITS 13 BITS Table 2 provides an evaluation of the performance of the acquisition
mode for different parameters of interest. As may be seen there, in

13 BITS order to obtain tolerable values for PFIA when synchronizing with
SOF-2. two frames are required in the check phase for both the 13-
and 16-bit lengths. However, a single check frame is adequate when

1s synchronizing with N3.

Table 2. Performance of the Frame Acquisition Mode

OUT-OF-SYNC ALARM _-_ -

PROBABILITY OF LOSSOF SYNC101 PM mssso P A i , I- - P POI

'21• 2 1, 51 1.54 .274..51 00 1.1010

O 0555015 1.0 '0I
-1 .676 . . - ilL .1. 8.4.010

"
9

112 At this point it will be possible to select a length for SOF-1 which,
i turn, determines N and N3 . As a result of the frame mainten-,
anaylsis, it was seen that both the 13- and I16-bit lengths provide e.
cellent performance. However, with regard to frame acquisition, the
16-bit length decisively outperforms the 1 3-bit length. Assa result,
a length of 16 bits is proposed for N 1. A choice of a particular bit

10 I pattern for SOF-l is not critical but must be consistent with results

of Section 4.3. 1.

4.4 Master Frame Coordination

11 c At any IDS, the start-of-frame markers in all outgoing links are

TEST THRESHOLD Iare randomly aligned with respect to outgoing inks. This is the same
Figure 7. FOA and PLM assa Function ofaTest timing relationship that exists in a conventional TDM system. Unlike

the conventional TDM, there is no absolute need to align master frames
Threshold With Ni asa Parameter in the IDS since the Class I region map which exists at each IDS for

each terFinating link uniquely defines the location of each channel
Observe that if in the search phase the probability of accepting within its master frame. In effect, the CCIS messages provide the

a false synchronization position (P(AIB) ) is large, then <u> is control channel which is requared when frame alignment is not used.
proportional to the square ff the frame length. For this reason it is
important to minimize P(AIB). A related parameter of interest is the Related to frame alignment is the timing or coordination problem
variance of u. However, this is an extremely difficult quantity to generated by the reassignment of channels within a master frame. To
calculate. In its place, the parameter PFI will be calculated. This is illustrate the nature of this problem, consider the procedure required
the probability that the first indication offrame synchronization in to establish a call atan IDS. Refering to Figure 8a, a Class I call is
the search phase is the true synchronization position. This is given allocated channel 6 on the incoming link and channel 5 on the out-

Iy 19 going link. Note that the master frames on the incoming and outgoing
links are out of alignment. Data bits for the call irt appear in in-

I PAB) - I- PAIB) Mcoming master frame No. I and are placed in outgoing master frame
Osreta if in the Ir phase t I-robab No. I. They could have been placed in outgoing master frame No. 2

M al nc rAi) I -P(B) (I-P(AIB ) ) M but this would have added additional cross-office delay a situation
which, if possible, should be avoided. Similarly, data bits received

where a = I - PAIB) in incoming master frame No. 2 are placed in outgoing master frame
vaine ) uNo. 2; this procedure continues frame-by-frame until the conclusion

The remaining performance indicator of interest is Fl A . For of the call.

reasons discussed previously, this probability will be derived by The problem with this particular channel assignment is that if
neglecting the contribution of the overlap region of the master frame, the first four calls in the outgoing link were to terminate while all
It can be shown" that the probability of choosing a simulated SOF calls in the incoming link were to continue, channel 5 would be
in the random data region instead of the true synchronixation moved to a position adjacent to the start-of-frame marker; conse-
position P is given by quently, in the frame in which this move were effectuated, the call

bits to be placed in channel 5 in the outgoing link would be required
a l - M-Ni (N-P(A) -I N.k before they were received on the incoming link. The probable reac-

s = 1 2 'tion of the ISN to this stuation would be to repeat the previous
wr I k+ I frames call bits, as shown in Figure 8b. This channel slip wofrlb appear2to the customer as a repetition or 'iccup' of data, a channel period

in length.
where a is the largest integer smaller than or equal to (M-N)/N and
where it has been assumed that r = o (based on the mean number of There are two ways to avoid this 'hiccup' effect. One is to delay
bit errors expected). Therefore, if the check phase requires s master the call bits from each incoming channel one master frame period
frames for verification of synchronization then PFlA is approximately before placing them in an outgoing channel; the other is to never
given by place the call bits from an incoming channel in an outgoing channel
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grated master frame structure, was also illustrated.
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RESULTS OF INVESTIGATIONS FOR THE CLOCK FREQUENCY CONTROL
AND DISTRIBUTION SYSTEM IN THE DIGITAL TELEPHONY AND DATA
NETWORKS OF THE DEUTSCHE BUNDESPOST AND FUTURE PLANS

W. Ruediger Slabon

Fernmeldetecbnisches Zentralamt

der Deutschen Bundespost
Darmstadt
Federal Republic of Germany

Summary Synchronization methods

This contribution outlines the state of General
development in the field of synchronization
and timing requirements for the digital data The above mentioned requirement can be
and telephone network of the Deutsche Bundes- achieved by means of one, or a combination,
post. of the three methods known to date, viz.

A comparison of reliablity, stability and 1. mutual synchronization
accuracy of the different synchronization 2. master-slave synchronization
methods is followed by the description of the 3. plesiochronous operation mode.
system which is a present investigated with a
view to a possible introduction into the The individual methods are different with
Deutsche Bundespost network, regard to reliability, accuracy, stability

and complexity of the network arrangement.
The digital network operated synchronously Among these reasons the reliability of the
according to the single-ended phase averaging method plays a decisive part in the selection
method is made accurate by use of the standard of the appropriate synchronization method.
frequency system (reference oscillator) of In the following these three methods are
the Ferpmeldetechnisches Zentralamt. The discussed.
tuning method used for this purpose was
developed for FDM transmission systems. Mutual Synchronzation
(Distributed master system).

1. Since all network .odes contribute to
Some particular questions such as delay var- the synchronization of the entire net-
ations, accuracy of the control frequency work, frequency deviations (e.g. aging)
devices etc. have been studied by field- of one node affects the vicinity of
trials as well as the particular problems of another node.
the single-ended synchronization system. The 2. Temperature-dependent delay variations
results are reported briefly. They show that affect the frequency and phase position
the envisaged system seems to be the most of the network nodes without impairment
appropriate and economic solution for the of the network synchronism.as long as
Deutsche Bundespost network, they are compensated for by a buffer

store.
Introduction 3. The outage of one nodal oscillator does

not influence the synchronizability of
This paper will deal with the synchronization the network provided that this node
and clocking requirements and the application contributes no longer to the synchroni-
of different clocking systems to digital net- zation.
works rather than the clock devices them- 4. The interconnection of networks may
selves. The brief overview may give espe- lead to difficulties because the net-
cially the designes and manufactures of works or isles of networks may differ
oscillators additional information about the in their frequencies although there is
specific needs of digital networks, synchronous operation among them.

5. The complexity of the system devices
Accuracy of Digital Networks is small.

To a void loss of information by bit slips in Master-Slave Synchronization
an integrated digital network or to reduce
it to a tolerable value, the clock frequen- There is assumed to be star-shaped connec-
cies of the digital switching centres must tions between all nodes of the network and
operate synchronously or plesiochronously a master node or a master clock.
respectively.

1. If clock equipment as Caesium and Rubi-
According to C.C.I.T.T. Recommendation G.811, dium atomic standardsi is provided in the
the maximum frequency deviation in a national master node, there is no considerable
digital network should not exceed + 1 frame frequency deviation in the network.
(256 bits) in the 2,048 kbit/s system within Hence, the integration of additional
70 days. In a plesiochronous network this networks does not cause any problems.
value corresponds to an oscillator accuracy 2. Failure of a slave node does not affect
of 1 x 10 '. the rest of the network.

46S



3. Failure of the master node gives rise levels. Under normal operating conditions it
to high slip rates in the network is ensured that, at the adapting unit of the

digital switching centre, the reference fre-
4. Failure of a clock distribution link quency provided via by-pass circuits is

causes frequency inaccuracy in the directly available to the digital network as
disconnected parts of the network, a weighted master frequency. In case of fault.

5. If for safety reasons two clock distri- the control frequency device causes the
bution systems are set up on different change-over to an oscillator which is con-
routes the costs of the clock system trolled by a precision crystal. Use is made
rise considerably, of a store so that in the absence of the

reference frequency the last control voltage
Plesiochronous Operation Mode applied is not lost. Thus, the reative fre-

quency deviation remains <1 x 10-.
In these networks all nodes are equipped with
high-precision atomic standards. The devia- Mutual s-nchronization of the
tions among the various networks are within digital switching centres
permissible tolerances. (stage III)

1. High reliability of the network is In this system the line clock is extracted
achieved because a failure of a node from a certain number of selected incoming
does not affect the rest of the network. PCM links and its phase is compared with the

2. At present the system is very expen- switching centre clock. The length-modulated
sive, not only because of the higher pulses of the flip-flops measuring the phase
investment compared with other methods difference are added via a resistance net-
but also for the larger ammount of work and smoothed via a low-pass filter with
supervision and maintenance for the a specific time constant. By the resulting
many atomic standards in the network, output voltage the frequency of the nodal

oscillator is continuously tuned so that it
Synchronization Method for approaches the average value of the incoming
the Digital Networks of the frequencies (Fig. 2). In the transient state

Deutsche Bundespost the frgqgencies of all nodal oscillators are
equal , . In order to prevent the network

Basic frequency from drifting by a change of fre-
quency at individual nodes, all synchronous

Balancing this evaluation we found that none network isles are synchronized by the master
of the above mentioned systems may fulfill clock with the higher weight.
the requirements of the digital network.
Therefor the Deutsche Bundespost investi- If the master clock fails, synchronization
gates at present a combined method (Fig. 1). among the network nodes is kept up by phase
It consists of a star-shaped distribution of averaging. The network drift experienced iL
a control frequency from a central reference this case depends on the duration of the
clock generator, which serves as a master master clock failure and the accuracy of the
frequency with a higher weight to achieve crystal clocks. This arrangement does not re-
the required frequency accuracy in the quire duplication of the clock distribution
digital networks operating according to the system on the link between master oscillator
single-ended phase averaging method. This and the digital parts of the network for an
method offers the advantages of the master- increase of reliability.
slave network and of the mutual synchronized
network. The disadvantages of the two methods Results of Investigations
are eliminated to a large extent.

Mutual Synchronization
The standard frequency system

(stage I) 1. Experimental arrangement

The standard frequency system of the FTZ 1,2 A field trial has been carried out since
provides the standard frequency for various the middle of 1972 to study in practice
services of the Deutsche Bundespost. Daily the phase averaging method according to
measurements to compare with the emission of the single-ended principle. For the ex-
the transmitter DCF 77 at Mainflingen, which periment, PCM transmission lines between
emits the frequency and time standards of the the local exchanges at Pasing and Puchheim
Physikalisch-Technische Bundesanstalt (PTB) in the Munich area have been intermeshed
at Braunschweig, inshure that the standard as shown in Fig. 3. The experimental
frequency provided by the FTZ has an accuracy arrangement consists of the network with
of> t 5 x 1012. Thus it meets the inter- the clocks I...4, which synchronize each
national requirement laid down for a other, and the equipment for measurements
reference clock in C.C.I.T.T. Rec. G.811. and registration.

Standard Frequency distribution Network data
(stage I1) - cable length: approximately 12 km

- line delay time and line delay time
With the introduction of the multi-channel variation: 60 us+ 300 ns
60-MHz FDM system use will be made of an - number of repeaters per PCM transmission
improved control frequency device for carrier line: 4
frequency synchronization 394. The reference Oscillator and control arrangement data
frequency (300 kHz) which originates in the - accuracy of free running oscillator:
FTZ, will be transmitted to all network f/f a + 5 10-8 at 2.048 MHz
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- aging: initial value 3 10-8 /month (lower Fig. 4).
(preaged 1 month)

- tuning range:df/f = + 2,5 • 10-7  Reference phase switching was induced inten-
- working range of the Thase comparator: tionally. It influences the phase of PCM

+ 16 bits at 2.048 MHz (Frequency information (absolute phase). Fig. 5 shows
Uividers enlarge the working range of the influence of reference phase switching
the phase discriminators) processes which are statistically distributed

- loop gain: 0.05 Hz/bit at 2.048 MHz over the whole network. Fig. 6 shows the in-
fluence of repeated phase switching at one

2. Results input. After one or two reference phase
switching processes the phase discriminator

Establishment of the network does not change its position any longer. The
- First intermeshing of the network change of absolute phase remains very small

It is not necessary to observe certain (maximum of 3 bits).
build-up rules such stepwise build-up These test showed that the system satisfies
of the network etc. the requirements for the synchronization of

- Enlargement of the network is no problem. regional areas and provides even in the case
Normal operation of some disturbancies still acceptable
- Required working range of phase compa- service.

rator could be proved to be sufficient,
the working range of the phase compa- Standard Frequency Distribution
rators was enlarged by frequency divi-
ders, i.e. binary counters. The frequency deviation corresponds to the
When the working range is exceeded, requirements of the FDM systems for which
these counters are reset in such a man- the control frequency device was developed.
ner that the phase discriminators are First considerations of the achievable
reset into the mid-position of their accuracy have however, shown that an accu-
working range. In the following, this racy of 1 1011 will be achieved in the
process is called reference phase digital network.
switching.

- Line delay time variations occuring A field trial being perf3rmed in the Deutsche
during a year have had only little in- Bundespost network will, before long, permit
fluence on the phase relations in the a definite statement to be made on the use-
network. The working range of tie phase fulness of this method for the provision of
comparators was not exceeded, the digital network.

The experimental arrangement provides the
Disturbed operation was brought about in- transmission of the reference frequency
tentionally by manual variation of the (300 kHz) by FDM-transmitting systems
frequency of one oscillator, phase over distancies up to 10OOkm using alter-
reference switching by hand, and dis- natively radio links or cables.
connection of clock inputs which corres- Results preliminarly show the following
ponds to an interruption of PCM trans- B- ur:
mission lines. 1. Long term accuracy measured.-1 10412

2. Phase jumps : none
While simulating the aging process of a 3. Phase deviations :<+40ns
quartz oscillator, three different stages (periodically)
were to be distinguished: 4. Security (measured over 2 month

periods):
a) The frequency of the oscillator was in- Short-term interruptions ( 100ms):

side the control range of the others: 30 ... 40
the network remained stable. Long-term interuptions ( Is)

b) The control range was just exceeded 20 ... 30
(deviation from nominal frequency: 5. Accuracy in case of interupted
0,8 Hz): Refernce phase switching master:
occurred approximately every 40 s. The Within 24 hours: 1.10 1 0

phases of the remaining network showed
a jitter of up to about i bits (lines This would in a data network, where the
starting and ending at the disturbed aligner at a 64 kbit/s input has a capa-
oscillator) and up to 4 bits (other city of e.g. 8 bits, result in a slip
lines). Hence, lack of synchronism is after a period of about 8 days.
confined to lines originating at the
disturbed oscillator and to lines Although the field trial is still continued
arriviging from the undisturbed part of these first results satisfy completely the
the network and connected to the requirements of digital networks. The short-
disturbed node (Fig. 4). and long-term interruptions will not affect

c) The control range was considerably ex- the digital network, since it relies only for
ceeded. When the control range is ex- the long-term accuracy on the standard fre-
ceeded even more, there will be less quency distribution system.
phase shifts in the rest of the net-
work because of the low bandwidth of Implementation of the Synchronisation
the control circuits. Also, the fre- method
quency jitter of a node diminuishes as
a function of the number of nodes Setting up of digital switching centres in
separating it from the disturbance the Deutsche Bundespost network is intended

to start in the eighties. To begin with,
small isles comprising 2 to 4 digital
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switching centres will be established, which G. Pankow
will already be synchronized according to Taschenbuch der Fernmeldepraxis (1974)
the above-mentioned method. At present, the 5. Synchronisationsverfahren nach dem Phasen-
reference frequency network provided for the mittelungsprinzip
FDM systems covers already 80% of the nodal 0. Karl
exchanges. Therefore, it will always be NTZ 28 (1975) No. 12
possible to apply the master frequency to the 6. Gegenseitige Taktsynchronisation in inte-
nodes of the first network isles down to the grierten PCM-Vermittlungsnetzen
nodal exchanges. A. Darr und 0. Karl

Information Fernsprechvermittlungstechnik
Later on, these network isles will be inter- 7 (1971) No. 1
connected to form digital network areas. At 7. The Single-ended Principle of Digitally
the lower level of the communication network Controlled Phase Averaging for the Syn-
digital transmission will prevail and will be chronization of Communication Networks
integrated into the digital switching systems. H. L. Hartmann

NTZ 28 (1975) No. 12
At the upper level of the communication net-
work the FDM systems will gradually be re-
placed by multi-channel digital transmission
systems. Instead of being tuned via FDM
channels the digital network would then be
synchronized direct by the NFA/FTZ or by
several local NFAs distributed in the net-
work.

Problems still to be investigated

The most important unsolved problems are:
- A permissible value (Amax) for the magni-

tude of the phase shift must be specified.
The same problems will also be encountered
on digital long distance transmission
systems.
An interruption of the master clock causes
the control frequency device to initiate a
change-over to the crystal. The frequency
deviation fQ of the crystal has to be
determined by means of tests performed in
the network.

- The problem arising in conjunction with the
interconnection of digital network isles
(different phase positions~yl +4, n) shall
be investigated during a field Trial to be
carried out on the links of the PCM data
network (beginning about 1978).

In spite of some unsolved problems the method
described seems to be suitable for national
telephone and data networks. n account of
its high accuracy of >I x 10 1 and the high
immunity against failure it will be possible
to integrate the digital network of the
Deutsche Bundespost without difficulty into
international telephone and data networks.
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Stage I

^J# Standard freauency system
of the
Fermel det echni sche s

M Zentra.ant;
accuracy: + 5 x 1012

Stage 11
central Control frequency devices
exchange used for the control of
level Dsytm

standard frequency 300 kHz

nodal
exchange
level

frequeacy adapting unit 300 kHz/

Stage III

normal operation: fD = fm + F(f) Digital switching centres
operaion nderoperating with mutual syn-
operaion nderchronisation according to

fault condition: fDM = fM I Afs the phase averaging principle

Principle of clock distribution from the central master clock to the
digital network level by means of the distributed master method

Pig. I Synocuronization of the digital networks of
the Deutsache Bwidempoat
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SYNCHRONIZATION OF A DIGITAL NETWORK USING
A POSITION LOCK AND HMS SYSTEM

P.K. Verma
Bell Canada, Ottawa

C. Lemieux
Bell Canada, Ottawa

and

H. Daams

National Research Council, Ottawa

Abstract The Dataroute System

This paper briefly describes the synchroniza- The Dataroute Network is a transmission network
tion system for the Dataroute, a nationwide digital linking some thirty-five cities by 56 KBPS or 1.544
data transmission network of the Trans-Canada MBPS digital transmission facilities.
Telephone System, operating since April 1973.
Recent operating experience and measurements on The Dataroute is a Master Frame system. (A
the network as regards to the accuracy and Master Frame system is one where the demultiplexing
stability of the master clock frequency are also Frame is common to all multiplexers in a node and is
discussed, provided by a common equipment).

Introduction Selection of the 'best'stream at any node from
the point of view of synchronization is effected by

The Dataroute,'a Trans-Canada digital data associating a travelling sign ture along with each
network, vas established in April 1973 to meet the bit stream. Having determined the best stream,
transmission requirements of the growing computer however, the local clock does not frequency lock to
communications market from coast-to-coast in it. Instead, a positional information with the
Canada. The initial synchronization system of The remote multiplexer is exchanged in order to derive an
Dataroute was based on a Master-Slave system using error signal to control the local clock.
a station synchronizer with two fixed priorities
for determining the appropriate source for running Between any pair of communicating multiplexers,
the local nodal clock. Plans were made simulta- provision is made for exchanging the receive buffer
neously to elevate the network synchronization to readings. The difference between the buffer positions
one with a Hierarchical Master Slave capability generates an error signal which is used to effect a
within a short time period. 

3  
movement of the nodal frame and the nodal clock in a
direction to nullify the difference. This is shown

The decision to utilize the HMS feature was in figure 1.
based on considerations involving:

It can be easily seen that a constant difference
a) ease with which network growth, both between the two (local and remote multiplexer) buffer

addition of new nodes and new circuits readings would amount to the nodal clock rate being
to existing nodes, could be accomplished identical to the clock driving the remote multiplexer.
with an adaptive, rather than a fixed In addition, if the buffer readings are identical, a
priority scheme: real time alignment of the two nodal frames has also

been achieved. This alignment process can continue
b) enhancement of network security; to take place between pairs of nodes until all nodes

are similarly aligned. Hence, the process of
and maintaining real time alignment of the different nodal

frames effectively achieves synchronization. The
c) relative insensitivity to link failure of attainment of synchronization is thus based nn ex-

both short and long term duration, change and control of buffer position information
qualifying the synchronization system as a position
control system.
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The network frequency is continually measured
for accuracy and stability against standard clocks
maintained at the Time and Frequency Laboratories of
the National Research Council of Canada in Ottawa.
The measured frequencies have been found to be
within the acceptable range of operation.

MODE A H00 I
Summary

I ~ 1This paper has presented details of the
...... : ";Z"Tt'L_ synchronization system of the Dataroute, a Trans-.Canada digital data network operating since April

1973. The synchronization system is a Hierarchical

Master Slave System with provision to align in real
S II time the demultiplexing frames at all the nodes.
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b) The synchronization information exchange may

be based on the lower level multiplexer. In
this case two options are available:

i) the synchronization equipment receives the
buffer readings of both the higher and lower
level multiplexers. Equalization is first
made on the lower level multiplexer which
is usually 'coarser'. Subsequently, the
finer equalization can be made based on the
buffer readings of the higher level multi-
plexer.

ii) the higher level multiplexer can be made
non-master frame.

In the Dataroute system, the signature imbedded
in the bit stream is demultiplexed by the 56 KBPS
multiplexers. The higher level multiplexer is made
non-master frame thus eliminating the need for
communicating buffer readings of the 1.544 MBPS
multiplexer.
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AN OVERVIEW OF TDMA FOR DIGITAL SATELLITE COMMUNICATIONS AND THE CENSAR SYNCHRONIZATION EXPERIMENT

K.E. Brown and P.P. Nuspl
Department of Communications

Communications Research Centre
Ottawa, Canada

Summary

The concept of Time-Division Multiple-Access Other frequencies in the UHF and SHF bands are
satellite communication is described indicating the used for broadcast, navigation and government purposes.
need for highly accurate time synchronization of all
participating stations. Factors affecting the propaga- System Impairments
tion time and contributing to the achievable accuracy
of synchronization are discussed. The design and The radio path from the earth station to the
implementation of a unique synchronization system spacecraft traverses the troposphere and the ionosphere.
called CENSAR are described. Synchronization to These media introduce certain modifying effects which
within ±10 ns has been recently demonstrated on the must be taken into account. For example, in the
Hermes (CTS) satellite using this method, atmosphere the velocity of propagation and the path

length of the radio ray are functions of the tempera-
Some future trends in satellite communications are ture, pressure, humidity and turbulence profiles, and

summarized, the signal level is a function of the water, snow and
ice content and, at certain frequencies, of the gaseous

Introduction content. In the ionosphere both the velocity of
propagation and the signal level are dependent upon the

In modern satellite communication systems, it is electron content.
common practice to place the satellite in a near-circu-
lar orbit around the earth above the equator at an A geo-stationary satellite is not normally perfect-
altitude such that the orbit period is 24 hours. Such ly stationary with respect to the earth due to, for
a satellite is termed geo-stationary since, to an example, station drift and the gradual change of orbit
observer on the ground, the satellite appears virtually inclination and eccentricity caused by gravitational
stationary. This simplifies antenna tracking and and radiation pressure perturbations. These effects
increases the satellite availability at any point generate a drift within a small volume of space whose
within the coverage region to nearly 100%. largest dimension is typically about 140 km with a

maximum relative velocity of the order of 1 m/s. This
To access the satellite, an earth station pro- motion gives rise to a doppler shift in both up- and

cesses the baseband signal from the terrestrial down-links. In the time domain, the drift motion
interface, modulates the result onto a carrier and causes a diurnal variation in the transmission time
up-converts to a suitable radio frequency (Figure 1). from an earth station to the satellite of up to 250 us.
This modulated signal is transmitted to the satellite Commercial satellites are usually station-kept to these
where it is amplified, shifted down in frequency and tight bounds. The measured diurnal variation for
re-transmitted to the earth. The receiving earth Hermes, which has no North-South station keeping was
sation amplifies, down-converts and recovers a signal 650 us in the spring of 1976.
which is an approximation to the original baseband
signal (since the link is not perfect and is subject Multiple Access
to noise and interference the received signal is not
an exact replica of the transmitted signal). In utilizing a satellite for communications, it is

generally necessary from both economic and operational
Several frequency bands have been allocated inter- viewpoints to plan to share the expensive resources in

nationally for satellite communication based on such the spacecraft with many earth station facilities.
factors as penetration through the ionosphere, spectral There are several ways in which this can be accomplished.
absorption, interference, frequency sharing, etc., as This paper is concerned with time sharing in which the
well as non-technical reasons. Three common pairs of full power and bandwidth of the satellite transponder
frequency bands are: are allocated sequentially on a cyclic basis to each

participating earth station for a short period of time.
1. 6 GHz for the up-link and 4 GHz for the

down-link - these frequencies are used in the Voice communication is the major constituent of
majority of commercial communication satel- all present day communications. For compatibility with
lites today - these frequency bands are shared digitized voice, each earth station generally has access
with terrestrial microwave relay; to the satellite once each 125 us or multiple's thereof

(125 us corresponds to the minimum Nyquist sample rate
2. 14 and 12 GHz respectively - these frequencies for a 4 kHz wide voice channel, a bandwidth which is

are beginning to be introduced in experimental adequate for telephony). This process, termed Time-
satellites and are planned for use in new Division Multiple Access (TDMA), requires accurate
generation satellites, 12 GHz is also allocat- synchronization. By way of an example, the CENSAR
ed to the broadcasting satellite service; and synchronization scheme currently under investigation at

the Communications Research Centre in Canada will be
3. 30 and 18 GMz - for use in future satellites, described. Earth station burst transmissions must

arrive at the satellite without overlap and without
The bseband signal can be anything from a single 4-kHz- large idle intervals between the bursts. This time

wide voice channel through various analogue or digital synchronization must be maintained under the influence
multiplexed signals to 6-MHz-wide television and even of satellite drift and the ionospheric and atmospheric
to the higher levels of multiplexing up to 274 Moiz in effects mentioned above. Also, frequency synchronization
the future. must be maintained under the influence of doppler shift

and frequency drift in the up and down conversion chains
and in the satellite frequency translation.
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TDMA message portion and, in some systems, a "postamble".
The preamble may consist of a portion for carrier

The prime reason for considering time-diviston recovery, a portion for symbol timing (clock, bit-
multiple access is that this method makes most efficient timing) recovery, a burst codeword for burst synchroni-
and effective use of the satellite capacity. In addi- zation, a station-identification code, and other
tion it is cost-competitive with other multiple access house-keeping portions. The message (information)
techniques. Other advantages include adaptability to portion contains traffic which may be multiplexed
changes in demand as well as all the many reasons for and sometimes coded. In some applications, a postamble
the use of digital signals, e.g. rugged signals capable of a few symbols is used for decoder or demodulator
of regeneration and remodulation, use of coding for quenching. A symbol is one of the possible modulated
increased fidelity, compatibility with emerging terres- carrier signals for the burst and occupies a symbol
trial digital facilities, and the feasibility of more length defined by the clock rate in the burst. The
complex satellites with on-board processing. TDMA has transmission rate is the instantaneous bit rate of the
been under investigation for over a dccadel by many burst. The number of accesses can in theory be anywhere
researchers throughout the world (see table in Figure from two (as in the case of Telesat) to several hundred.
2). However at the present time only one system is
operational, namely that of Telesat and this system In order to reduce the system overhead it is
with only two accesses does not demonstrate the full obviously necessary to minimize the duration of the
capability and power of TDMA

2
. allowed guard time and of the pre- and post-ambles.

Typical TDMA systems have guard times ranging from less
Problems involved in the introduction of TDMA than 20 ns to over 200 ns. Time-slot synchronization

include the slow introduction of terrestrial digital must thus be dynamic to accommodate satellite drift,
transmission and digital switching due to the vast atmospheric and ionospheric effects, and equipment
investment in analogue plant, a lack of international temperature dependence. Synchronization must also be
standards, and a slowdown in the rate of increase in very accurate for maximum efficiency and must be main-
demand for telecommunications facilities. The TDMA tamned under burst conditions. Clock and symbol-timing
concept however offers sufficient potential benefit recovery and burst identification must be accomplished
that research in this area continues at a high level, very quickly at the beginning of each burst in order to
Recently Intelsat issued a request for proposals for a keep this portion of the overhead to a minimum and also
TDMA test bed

3 ,4 
and the European countries are plan- in order to extract the appropriate message portion

ning extensive pre-operational TDMA experiments on OTS with minimum error.
in 1979.

Additional equipment is required to compress the
TDMA General Concept continuous signal presented at the terrestrial inter-

face into burst format and to expand the received
As mentioned previously, TDMA refers to the time- bursts into continuous format for return to the

shared use of a satellite transponder by means of short terrestrial natwork. The entire process must be
bursts of information from each earth station directed accomplished without significant loss of fidelity in
to one or more receiving stations. The system must be order to preserve the required quality of service.
synchronized such that (a) the bursts do not overlap The TDMA process thus calls for very sophisticated
or have large idle periods between them and (b) proper circuitry.
burst identification must be possible.

Concept of Centralized Synchronization
To implement a TDMA synchronization system, two

conditions must, in general, be fulfilled: The centralized synchronization concept evolved
from an original idea of de Buda

5
. Consider one earth

1. All participating terminals must operate on a station which transmits a short ranging burst to the
common time-base; satellite and receives the same burst after the

appropriate two-way transmission delay - about a
2. Each participating terminal must know its quarter of a second. The station measures the time

exact transmission delay to the satellite, interval between transmission and reception and the
satellite must thus lie on a sphere centred on the

The first condition is fulfilled by transmitting earth station with a radius (in time units) equal to
a timing signal from a control terminal to all partici- half the round trip delay. Thus two other identical
pating terminals. In the CENSAR system, the second stations, suitably distant, define two more spheres
condition is achieved by, in effect, determining the and the satellite then lies at the intersection of
satellite position at the control terminal and distri- these three spheres. The required synchronization
buting the positional information via the satellite to accuracy for guard times of the order of 20 ns must
the participating terminals. Each terminal then be better than one part in 1010. By coding the
calculates its delay to the satellite. As the ranging bursts the satellite position can be broadcast
satellite moves, the positional information is to all other stations in the network.
continuously up-dated so that each participating
terminal can compensate. The above process presupposes that each station

can receive its own transmissions. For spot-beam
Shown in Figure 3 are the essential features of a satellite this is not generally the case and it is

TDMA timing hierarchy. A frame is the time interval thus necessary to modify the approach. Consider now a
selected for an access assignmenL plan to repeat, a pair of earth stations in different spot beams.
superframe is a group of frames in which is distributed Station A transmits a burst to the satellite which is
internal signalling information. Each frame in routed to station B, station B acknowledges by sending
general consists of one or more refe:,nce bursts a burst back through the satellite to station A.
followed by a string of message bursts; due to imper- Station A measures the time duration between trans-
fect synchronization a guard time is usually required mission of its burst to reception of B's burst.
between bursts. A burst is a modulateo carrier signal Station A can now predict that the satellite lies on
which occupies an assigned time-slot within a frame, the surface of an ellipsoid of rotation with A and B
A reference burst or a sync burst occurs at the as focii. Ranging to two other stations of type B
beginning of the frame and often has special structure, forms two other ellipsoids each having A as one focus.
A message burst typically consists of a preamble, the The satellite is again accurately located as the
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intersection of three ellipsoids. Station A now has system and constitutes a system check. A diagram of
all the required information and, by suitably coding the terminal configuration is shown in Figure 4.
its ranging bursts, can broadcast this information to
all other stations in the network. Hermes has two steerable spot-beam antennae and

two transponder channels. During the TDMA experiment,
The CENSAR System one spot-beam illuminates the control terminal and one

spot-beam illuminates all other terminals.
The CENSAR (CENtralized Synchronization And

Ranging) system is a new method of time-division A common time-base is transmitted from the commun-
multiple-access synchronization for spot beam applica- ications control terminal via the satellite to all
tion using the concept outlined above, terminals in the system (Figure 5). At all other

terminals a receiver is phase-locked to this time-base
The system offers centralized control and ranging to an accuracy of 2 ns + 0.2 ns. The signals from all

data processing. The synchronization equipment at the other terminals pass through a second channel to the
remote stations is thus quite simple and hence there control terminal. These latter signals are allotted
is a potential cost benefit over other TDMA synchroni- specific time slots so that there is no mutual inter-
zation systems. In addition the CENSAR system is ference (Figure 6).
highly efficient requiring guard times less than 20 ns
and small burst preamble overhead. The potential frame The channel used to transmit the time-base is
efficiency (defined as the ratio of time allocated to called the control channel. By coding the time-base
message information to the total frame time), assuming signal the control channel also transmits the location
no coding or postamble requirements and traffic quality of the satellite and other control information.
satellite channels, has beer computed at 97% for 30
accesses using the minimum possible frame length of The system time-base is periodic with period of
125 .s. Higher efficiency would result for a longer 640 milliseconds. This value was chosen to be greater
frame; e.g. for a 750 ps frame and 30 accesses the than the two-hop delay (which is approximately 520 ms)
efficiency would be 99.5%. The cost is in increased to permit range measurement and allow sufficient time
buffer memory. for computation. Each period is called a cycle

(equivalent to a super-frame). It consists of 5120
An experiment with the Hermes satellite was frames each with a duration of 125 microseconds. The

designed to test the CENSAR concept. Equipment was first 15.2-ns pulse in the first frame of the cycle is
designed and constructed by Canadian Marconi Company called start-of-cycle. When the time-base is received
to CRC specifications for this purpose. at a ranging terminal 'i' (i = 2, 3, 4), the start-of-

cycle will be delayed exactly Tl + Ti seconds from the
The system specifications were set to be compati- start-of-cycle in the control terminal, where TI is the

ble with the constraints imposed by Hermes and by the propagation delay from the control terminal to the
small portable earth station antennae which were satellite and Ti is the delay from ranging terminal
designed primarily for TV reception and have limited 'i' to the satellite.
communication capability in the transmit mode. These
stations are used in a variety of experiments, both The control tcrminal transmits estimated values
technical and social. of T +Tl, Tl+T 2 , T1+T3 , TI+T 4 . Ranging terminal 'i'

receives this signal, regenerates the system time-base
Five terminals were specified and constructed; using the received start of cycle and transmits a

these consist of: time-mark pulse burst at 2(Tl+Ti)-Ki seconds in
advance of the next received time-base start-of-cycle

1. a central control terminal; signal (where the Ki are fixed constant delays). If
the control terminal has estimated Tl+Ti correctly,

2. three ranging terminals; and the time-mark from the ranging terminal will arrive at
the control terminal Ki seconds after the start-of-cycle.

3. an associate terminal with both ranging and Suppose the initial estimate of TI+Ti by the control
simulated message capabilities, terminal is too large by an amount A, then the time-mark

will arrive at the control terminal Ki-2 seconds after
The required software is implemented on a PDP the start-of-cycle. This is measured by the control

11-40 computer at the central control terminal and an terminal. The time estimate Tl+Ti is then adjusted
auxiliary PDP 11-10 computer at the associate terminal; until the time-mark received from terminal 'i' falls
the latter may subsequently be replaced by a into a pre-assigned time slot.
microprocessor. The value of the propagation times are not expected

The software provides all the processing and to change by more than +0.25% because of the near-
real-time computations through a set of algorithms

6  
geostationary nature of the satellite. Therefore,

using double precision. The system can be reconfigured Tl+Ti can always be expressed as a large fixed portion
from the central control and a simple teletype order- and a small variable portion. Only the variable
wire is incorporated into the system. portion needs to be transmitted.

An offshoot of the synchronization experiment is The control terminal, having measured the three
an orbit perturbation study which capitalizes on the two-hop delays and knowing the location of the ranging
high resolution of the range measurement process to terminals, can calculate the pgsition of the satellite
produce satellite orbit data for subsequent off-line and thus its own up-link delay . (This quantity
analysis. cannot be measured directly since, for spoL-beam

application, the control terminal cannot, in general,
Description of the Principles of the Experimental System receive its own transmission.)

The central control terminal and the three ranging The propagation delay of a signal transmitted
terminals operate together to measure the position of from the associated terminal (1-5) to the control
the satellite. The fifth r c associate terminal repre- terminal via the satellite is calculated as a weighted
sents one of the many user terminals in an operational sum of the delay times:
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D - Tj4T $ - dlT1 + d2T2 + 43T3 + d4 T4 + d5  System Description - Control Terminal

Figure 7 shows the relationship between the
where the d's are fixed constants related to the geo- various subsystems in each terminal and the inter-
graphical location of the associated terminal, ranging connection between the terminals.
terminals and control terminal. The associated
terminal must advance its transmission by 2(TI+T5)-K5  The control terminal has several important
seconds relative to its received tine-base where K5 is functions.
a specified constant delay.

1. It generates and distributes the time-baseHence, theoretically, a burst of signal trans- for the entire system;
mitted from the associated terminal will arrive at the
control terminal precisely within an assigned time 2. It measures the two-way delays from each of
slot. A number of associated terminals can be the three ranging terminals to the control
accomodated without changing the basic nature of the terminal;
system.

3. It calculates the satellite position. (These
System Time-Base Hierarchy calculations are performed by a computer

located in the control terminal.)
The master ime-base in the control terminal is

derived from a crystal standard operating at a frequen- 4. It transmits positional information and
cy of 65.536 lz. Pulses are generated from this control commands through the control channel
time-base to clock the control channel bursts which via the satellite to all terminals of the
are transmitted via the satellite to all stations. system.

The time-base hierarchy is listed in Table 1. The three ranging terminals transmit in time
sequence, each one transmitting in an assigned quarter

TABLE 1 of the cycle. Hence, the distance-measuring equipment
in the control terminal can be time-shared since the

Time-Base Hierarchy transmission from each ranging terminal can be identi-
fied by its time-of-arrival in the cycle. The

Duration Frequency distance-measuring scheme requires the control terminal
to operate in co-ordination with each ranging terminal

1 transmission bit 15.26 ns 65.536 Mz in a closed loop.
1 channel - 8 bits 122.09 ns 4.096 Mz
1 frame = 1024 ch. 125 )is 8 kHz The distance-measuring equipment in the control
1 control-bit - 16 frames 2 ms 500 kHz terminal measures the two-way transmission delay to
I cycle - 320 control-bits 640 me 1.5625 Hz each of the ranging terminals in three steps. Each

step for each terminal occupies a pre-assigned portion
The Control Channel of the cycle. The first step, called "fine", measures

the delay modulo 15.26 nanoseconds to a resolution of
The control channel is a binary channel that i nanosecond. The second step, called "bit", measures

carries control and synchronization information from the delay modulo 125 microseconds with a resolution of
the control terminal to all terminals in the system. +1 transmit bit (+15.26 nanoseconds). The third step
This channel has the following functions: is called "frame" and measures the delay to a resolu-

tion of 125 microseconds.
1. distribution of system timing;

Ranging Terminal. The function of the ranging
2. distribution of satellite position information; terminal is to act in conjunction with the communica-

tions control terminal to measure the two-way delay
3. distribution of control information, from the control terminal to the ranging terminal and

back.
The control channel occupies the first 31 bits of

each frame (473 nanoseconds every 125 microseconds). Associated Terminal. The associated terminal
In this time-slot, one of two 31-bit codes is trans- represents one of many communications terminals possible
mitted. These codes are called mark or space respec- in the system. The four range delays received from the
tively. These codes have been specifically selected control terminal are entered into a computer in the
such that bit transitions in the code can be extracted associated terminal. The computer uses these niu,bers,
by the ranging and associated terminals to give symbol- together with the fixed multiplying coefficients 'd to
timing. The time between successive code bursts is calculate the propagation delay to the control terminal.
exactly 125 microseconds so that frame-timing can also This value of the delay is used to initiate a message
be extracted. sequence starting at the specified point in the time-

base. In an operating system the function of the
By suitable coding techniques a binary message can associate terminal computer can be performed by a

thus be transmitted. This message contains information microprocessor.
on the variable portions of the four propagation delays,
the four relative velocities (used for linear predic- In the experimental system the associate terminal
tion), system status, as well as providing control and can also perform the function of a ranging terminal.
order wire. The difference between the measured and the calculated

range provides a system check.
The high level of coding redundancy ensures an

extremely low error rate in the detected information
7 . Phase I Experiment

The equivalent information rate is only 350 bits/s.
representing a net redundancy factor of over 700. The synchronization experiment consists of 2

phases; the first phase was complete( tn 1976 and the
second phase is currently in progress.
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Ting wirt iase f the xperi ent incorporated o andithusfficiencjes
central oontroi fetation in Ottawa, Ontario and a seea-
rate facility aso in Ottawa for the associate terminal. The TMA system overhead as mentioned previously
The three ranging. terminals were located in: (1) ~ onsists primarily of th guard time between bursts,
London, Ontario; (2) Rouyn-Noranda, Quebec; and, (3) and the burst pre- and post-amble. From the above
Quebec City, Quebec. These latter installations measurements and from prediction of contributions of
together with the main station in Ottawa were shared factors such as the built-in implementation errors, the
with other experiments during the experiment interval, electron content of the ionosphere, etc. a guard time
The scheduled time consisted of two or three hours between bursts of 20 no is generous

7
. Clock, symbol

every other day for a period of just over two months timing and frame-synch recovery is built into the system
during which time the equipment, interfaces and soft- and thus the burst preamble is relieved of these func-
ware were checked out and satellite positional data tions and may be significantly reduced over other forms
logged for future analysis, of TueA. The ranging bursts take up a very small

portion of the from and have an insignificant effect
Phase I Results on the frame efficiency. The overhead for CENSAR is

thus very small and this system promises a high
It was found necessary at the beginning of the efficiency communication capability. The centralized

experiment to "eCommission the system - i.e. to refine synchronization concept has been proved valid and,
some of the approximations of equipment and cable since the remote ranging and associate stations are
delays and, in some cases, to refine the initial relatively simple, practical implementation should be
estimates of site locations since it was not always economic.
possible to survey the site with the equipment in-situ.
After commissioning, the measurement error a tequivalent Phase II Experiment
to the guard time required between bursts -was found
to be less than 15 no (Figure 8). The second phase of the experiment has separate spot

beams, a larger baseline for increased resolution, and
As an example of the propagation error reduction, minor modifications and improvements to both hardware

Figure 9 shows the measured diurnal variation for a and software which resulted from the first phase
24 hour period and the corresponding CENSAR system experience. In addition atmospheric conditions at each
error on a different scale. It can be seen that a location are monitored. It is hoped to correlate the
reduction factor of almost 105 has been achieved, delay variations with these atmospheric conditions.
Further reduction is possible with additional proces- This phase has stations in Ottawa in Eastern Ontario,
sing but is not warranted for the present applications. Thunder Bay in North-Western Ontario, and Winnipeg,

Brandon and Thompson all in Manitoba (Figure 4).
The prediction error consists of basically two

components (1) a diurnal sinusoidal component of peak- Future of Satellite Communication and TDMA
to-peak amplitude of +4 e which, with sufficient
history, is predictable and could therefore be Ascgn be seen from the above and from many other
reduced and (2) a noise component with peak-to-peak studies time-division multiple access of a communi-
amplitude of +1.5 n. Some of the contributing factors cations satellite is a viable technique offering great
to this fine structure were anticipated or have been promise for highly efficient, versatile, flexible, and
recently identified and these could also be reduced in ultimately very economic communication. Further
future implementation. In addition to these components, advances both in satellite technology in general and
the contribution from atmospheric conditions can be in TMA systems in particular are foreseen.
predicted with reasonable accuracy from easily measured
parameters at each ground station - namely pressure, The current generation of satellites operate at
temperature, humidity and antenna elevation angle. It 4 and 6 GHz and consist basically of up to 12 frequency-
has been calculated that this contribution would amount translating amplifiers each with bandwidths of the
to about +2 no over a year. The contribution to range order of 40 MHz. The antenna coverage is global (in
error from rain is small and probably not worth the fact only 30% of the earth is visible) and the transmit
engineering effort and expense to try to compensate power is limited by the available prime power which, on
for. The contribution from the electron content of the spin-stabilized satellites, is derived from solar cells
ionosphere is frequency dependent and, for the conven- on the cylindrical body of the spacecraft. Such
tional 4 and 6 Hz satellites, is quite significant, satellites have no on-board processing and are trans-
At 12 and 14 GHz the contribution is less than +2 ns parent to the type of modulation used. Fairly large
about nominal at southern Canadian latitudes depending earth station antenna are required and these must be
on time of day, sun spot activity, etc. The electron located remote from centreb -)f population to avoid
content is a relatively difficult quantity to measure interference with terrestrial. microwave facilities.
and also difficult to predict with any confiience, and This necessitates expense hack-haul facilities.
thus it is unlikely that this affect can be compensated , e nee ato o of satlltes w er ate at

The CENSAR measu'rement resolution is less thanne 12 and 14 GHz with transponder bandwidths up to 500 MHz.
nanosecond which corresponds to about 5 parts in 10 Spot beam coverage and dual polarization permit power
The absolute accuracy of ranging is not known since concentration and frequency re-use. Spacecraft will be
there is nc universally accepted vardstick but it is three-axis stat7ilized anC 0,hrive primary power from
estimated that the accuracy is -it least as good as any extendable sola-n sail: which aire nor limirel' b,- 'he
other existing ranging s9'henu. Figure 10 shows a real dimensions ot Lhe spacecraf t body. The resuliUngs
time measurment of tha rnics to twc stations. thiqj hi~n.* availao.. :cweL, beam concentration. 10L 4
rilit indicates the I no resolution and the fact that, frequ.2'vv allocito-. that do". nct 1- Nortlb Amcr!-a.
since tho satellite is Ic: r. three ftmensions, the interfere with :errestri microwave pemrl sma:i..
maximum rang. .AI~: r slI',,htlv different tineq eartE station.. L" . -... a*_C- l'I;- .
f .r different g-n .a. (it was not possible th,,. roof of telephone compA-~ cc:1t.-p efficeq .

1:c LncJ.:Lic all .~a' ' r this plci uic, thu the need fot7 bitck-haul taiclitieb. tiermc.i aL.
Th-'-:.on rc.ner o..........y:-,
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In the planning stage are satellites with on-board
dynamic switching which can be synchronized to the TDMA
system permitting several bursts from one station to be
routed via different down-link spot beams to several
geographically displaced ground stations. Equivalent
routing in a frequency-division multiple-access system
is virtually impossible due to the weight of the
required channel filters. Also planned are satellites
with the capability of signal regeneration and remodu-
lation geared to specific signal formats so that
the overall system can be optimized.

In conjunction with these developments TDMA systems
are planned to operate at higher speed with features
such as:

1. demand assignment whereby the available
capacity is assigned according to the traffic
requirements at that instant;

2. digital speech interpolation which utilizes
the quiet periods between words and whilst
the other party is talking to interleave other
voice signals thus doubling the available
capacity; and

3. sophisticated coding techniques permitting
error correction.

On the horizon are satellites operating at 18 and
30 GHz, satellite constellations with intersatellite
links - probably via laser, the TDHA synchronization
function taken over by the satellite, and the capabi-
lity of handling bursts of different bit-rates in the
same transponder. These developments will be accom-
panied by increased emphasis on digital terrestrial
communications probably involving a much larger variety
of communications services than is available today.

References

1. P.P. Nuspl, K.E. Brown, W. Steenaart,
B. Ghicopoulos, "Synchronization Methods for
TDMA", Proceedings of IEEE, March 1977.

2. R.K. Kwan, "The Telesat TDHA System",
International Conference on Communications,
1975, San Francisco, pp. 44-1 to 44-5.

3. "Statement of Work for Time-Division Multiple-
Access Test Bed", INTELSAT, August 1976, Tech.
Rep. RFP-15-836, Exhibit A.

4. W.G. Schmidt, "The Application of TDMA to the
Intelsat IV Satellite Series", CONSAT Technical
Review, Vol. 3, pp. 257-274, Fall 1973.

5. R. de Buda, "Synchronization for TDMA Experi-
ments", CGE Technical Information Series
RQ72EE4, June 1972.

6. P.P. Nuspl, R. de Buda, "TDMA Synchronization
Algorithms", Conf. Rec. EASCON'74, Washington,
D.C., October 1974.

7. P.P. Nuspl, N.G. Davies, R.L. Olsen, "Ranging
and Synchronization Accuracies in a Regional
TDMA Experiment", International Conference
on Digital Satellite Communication - 3, 1975,
Kyoto, Japan, pp. 292-300.

8. R. Gagliardi, W.C. Lindsey, and C.C. Weber,
"Bibliography of Multiple Access Systems",
University of Southern California, Interim
Technical Report No. DOT-TSC-414-1, September
1972.

470

iS



I. 

j 4j

IF

Figure 1: One Way Satellite Link
-- Geo-statioflarY orbit



Nv 0

~ I .I Ica
U. O U ~41

4 00,

"i4n.2 12 ;12

fledi

472S



Id SUPERMOM I

IAI
I

GUJARD TINE

POIML9

REALE [ .

CLOCK IECOYBBI

SIT T15ING RECOVERY
UNIQUE WKD

STATION IDTIFP"CATION CODE

ORDER WIRE

SIGNIALLING
OTHER

Figure 3 Typical Frame Format.

f. 4

3>

" w 135 ,- 30 1 lo w s 115 110 105 10 95 o Is so 10 s wo 55 O S

', 2 -thompson

: 3 -- Thunder Bay

: ~ ~ B ;randon

-- Winnipeg

Figure 4 Area Coverage of CTS Spot Beam for Phase II of the CENSAR Experiment.4"

IJ



~-0.5 1 sBURST EVERY 125 It'
8 WATTS PEAK

2m THOMPSON\ I

/ 'I CT

I POP II

AFIT 9m OTTAWA

2m DAND e 2m THUNDER BAY

3m WINNIPEG/
(BORESITE)7

Figure 5: CENSA. Transmit.

Figure 5 CENSAR Transmit.

83 j~s BURST EVERY 125 js$

2m THOMPSON

2M BANDO ATSm OTTAWA
2m BANDR A (BORESITE)

3m WINNIPEG

Figure 6 CENSAR Receive.

474



PASESTTEL 20t wRASODr RGAI

ASSOCIATED T CIDA m z j ( F 3 a ~ c n ~ s 1 . I ~ N i

FigureL TI BlokArm SA ytm

COTOLRREOEYBS

65mz65m

O=E
S ~ ~ ~ S RANGING____________f_____________________

ASSCITE TEWNA RANIN TENO (1O 3 10 JNCTIN WAX TE I0

are. (QHT)
Figure 8: Error in Calcula~ed Delay.

Figure 8 Error in Calculated Delay.

475



400

200

- NOM. 260,847 pas

- 200

(A) RANGE VARIATION:OTTAWA-CTS-..;TAWA
-400

ns 0~

-5

HRS GM4T

(B) CORRESP04DING SYNCHRONIZATION ERROR:CALCULATED RANGE-MEASURED) RANGE

FIG. 9. RANGE YAR!ATTOW ANn 3yNCVONlIZA'.iGN ERROR, 20121 AUGUST 1976.

47f



3:4 -i

3:450 --

MAIU RANG

-I MAXIMUM RANGE
*------r--- -OTTAW-CT-JEBCCTY - -,--------- --

3:3 8 A.M. 22 JUNE 1976

FIG. 0 . AX IMU MESRMNSO TH RANGEST TW SAIO .

-4--



FREQUENCY CONTROL AND TIMING REQUIREMENTS

FOR COMMUNICATIONS SYSTEMS

Peter Kartaschoff, Swiss Post Office
Research and Development Division,

Bern, Switzerland *)

Summary issue of the IEEE Proceedings. It is thus possible
to concentrate our attention to the evolution of

Recent evolutions of requirements for frequency systems requirements which occurred during the past
control and timing in commercial communications five years. In our case this evolution can be
systems are reviewed. ThL trend towards more stringent characterized by the impact of the extensive and
specifications is illustrated by means of two rapid development of data communications on commercial
different examples: wideand analog transmission using communications services, especially on the public
frequency division multiplex (FDM) and digital net- telephone network. This network has sometimes been
works using time division multiplex transmission (TDM) described as being the biggest automatic plant in the
and time ordered switching. In both cases improved world. Its dimensions are indeed global and include
performance is required due to the impact of data the geostationary orbit of comwunications satellites.
communications. In some countries such as the United States, Sweden

and Switzerland almost every household has a telephone.
In FDM systems the emphasis is on the phase noise Data traffic is only a small percentage of telephone

spectral density S (f) for f-values in the voice traffic now but growing fast and in view of the huge
frequency range 308 to 3400 Hz. Typical values of investment in the existing telephone system there is
120 dB below 1 (radian)

2 
are under discussion for a great interest to use the voice facilities for data

individual signal sources, communications as well. Many ways are open to achieve
this aim.

In digital networks the emphasis is on timing
properties of the network clocks and the establishment Two examples can illustrate the current situation
and maintenance of synchronism. In the design of regarding time and frequeny applications in this field.
extended networks the characteristics of the clocks
interact with the properties of transmission paths, To operate a communications system such as the
each introducing timing jitter and some systematic public telephone network two basic techniques are
effects. Recent studies within the International required:
Telcgraph and Telephone Consultative Committee (CCITT)
of the ITU have resulted in recommendationF spe ifying Transmission and switching. Transmission carries
maximum time interval error (MTIE) as a charact ristic information from point A to point B and vice versa
parameter for network clocks. Interconnection of by any means of wires or radio. Switching establishes
synchronous networks on the international level is the transmission link between the two points at the
provided by means of plesiochronous operation with time and for the time required. Some combination of
clocks having long term stabilities of I part in 1011 both techniques lead to the economically important
or better. concept of multiplexing, i.e. combining several

individual circuits for transmission over one single
The required reliability of network timing is link in a network. Two main techniques for multi-

to be obtained by means of redundancy and proper plexing are known:
network organization. The relations between frequency
stability parameters developed by metrologists and Analog signals can be translated in the
those required by the systems designers are discussed. frequency domain and combined to form channel groups
Some open questions point to the need of more dialogue on the frequency axis, forming a wideband signal.
and further common studies among the various At the receiving end, the individual channels are
interested specialists, sorted out (demultiplexed) by means of bandpass

filters. This method is known as "frequency division
Introduction multiplex" (FDM). Established for many years, it is

still in use on most wideband trunk lines.
The purpose of this paper is to review the

requirements on frequency control and timing equipment Digital signals are conveniently combined
used in present and coming generations of commercial sequentially on the time axis, forming a time division
communications systems. The emphasis is on the systems multiplex (TDM) signal. Retrieval of the individual
applications of recent developments in the field of signals usually requires the knowledge of their
time and frequency technology, location on the time axis. Thus, a problem of timing

or synchronization arises which could only be avoided
The characteristics required from sources by providing each signal with an unique address

generating stable and accurate frequencies and timing identifying its destination (i.e. sending telegrams).
pulse sequences are determined by the properties of
the system they serve. Both cases offer almost an infinite variety of

possibilities. The worldwide telecommunications
Information bearing electrical signals are complex would not have become operational without the

functions of time and have a spectrum. The dualism
of time domain and frequency domain analysis I appears ') Opinions expressed in this text are those of the
quite naturally in the subject discussed here. author and not necessarily those of the Swiss PTT
Specific technical background information on Frequency Enterprises.
and Time application o communications systems can be
found in two papers " published in 1972 in a special
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long-time effort of international standardization. RMS jitter to be allowed from the carrier generators.
This task is in the hands of the International
Telecommunications Union headquartered in Geneva, We then may distribute this equally over the
Switzerland. 70 generators assumed on a long distance circuit. The

noise from each is not correlated to that of the
FDM-System Requirements others, at least in the audio band from 300 to 3400

Hz. We thus obtain for each single generator:
The translation of voice frequency signals

(300 + 3400 Hz) is performed by means of single-side- 6S < + 1 + 0,180 RMS
band suppressed carrier amplitude modulation. The 2 E -MS 7/0 -
combination of the channels is done in several steps
requiring various carrier frequencies. The highest The phase jitter must not exceed this limit at the
capacity coaxial cable system currently in use has highest carrier frequency used, i.e. at 60 MHz.
a bandwidth extending up to about 60 MHz. In long
distance communications a signal may be submitted It is now easy to compute the phase noise
to a maximum of 70 modulation steps in cascade and be spectral density. Assuming white noise within the
assigned to any channel in the band. The carrier bandwidth B we have:
phase and the phase of the signal component add
directly at each modulator. Thus, any carrier signal f
frequency different from its nominal value shifts <62>

= 
62 =J S,(f)df = B.S (1)

the frequencies of the signal components accordingly. " EMS
For the purpose of maintaining the original pitch of f1
transmitted voice and keeping the tolerances of audio
frequency command signals within convenient tolerances with S = 0,180 = 3,14 - 10

-3 
radian

a limit 2f + 1 Hz departure from nominal is currently EMS
in use. The highest carrier frequencies in a 60 MHz
system must therefore be accurate to + 1,7 parts in B = 3100 Hz, we obtain
108.

Obviously, it is very tempting to use the existing S 987XI0-6 = 3,184X10
-9 

(radian)2/Hz
and continously available telephone network for data 3100

transmission. This requires an interface unit (modem) (at 60 MHZ)
between the data processing equipment on each
subscribers side and the respective telephone lines. In current practice, the carrier generator equipment

is driven by a master frequency supply system which
The modem converts the digital data signal into generates a set of basic frequencies, e.g. 4 - 12 -

a mudulated audio carrier for transmission over the 124 - 440 - 2200 kHz.
telephone circuit and vice versa. The audio bandwith,
level, signal to noise ratio and the allowed spectral The layout of the frequency synthesis process
characteristics are determined by international implies frequency multiplication from 2200 kHz up
standards established by the Consultative Committe to about 60 MHz plus addition or subtraction of
for Telephony and Telegraphy (CCITT) of the ITU.

5  
multiples or submultiples of the other values. It

Work towards optimum use of these channels (originally is well known that frequency multiplication by a
designed for voice transmission and not for data factor n multiplies any phase fluctuations by the
transmissio) has resulted in the use of phase-shift- same factor and thus the phase noise spectral density
keyed audio subcarrier signals. For transmission rates by n

2
.

of a few kilobits per second four-phase (QPSK) or
eight phase digital modulation is used. Typical ex- Even in assuming an ideal frequency multiplier
ample. are 2400 bits/s QPSK on ordinary switched from 2200 kHz up to about 60 MHz, we must require
circuits and up to 9600 bits/s on high quality leased from the basic 2200 kHz generator a spectral density
circuits. A typical example is the 4800 bit/s modem of
specified in the CCITT recommendation V27.

5  
12,2 2 -12 2

8-phase PSK is used on a subcarrier of (1800 + 1) Hz. S -_ X 3,184X10 = 4,28X10 (radian)2/
Each of the possible eight phase transitions 60 )

corresponds to a defined 3-bit word. Hz at 2200 kHz

Obviously, phase jitter can lead to an erroneous
detection of a phase transition. The maximum allowable Expressing this value in decibels with reference to
phase tolerance is + 22,5 degrees, since the nominal 0dB = 1 (radian) /Hz, this equal to
eight phase angles differ by 45 degrees. Among the
many possible causes of phase jitter that due to S 10 log (4,28X0

-1 2
) -113,7 dB at 2200 kHz

carrier generator phase noise should not be a dominant
one. Current estimations 6 of allowable random jitter
lead to a margin of + 7,5 degrees peak-to peak for The purpose of this example is to give an idea

carrier noise contribution. Assuming a normal as regards the orders of magnitude required. Thedistribution of the phase angle and a probability of example is conservative in assuming the worst case of
exceeding the margin of 5x10

-7 , 
the allowable RMS having all transmission sections on carrier frequencies

phase deviation is near 60 MHz. On the other hand, no margin has yet been
included for frequency multiplier and mixer noise in

< +-- 15
0  the carrier synthesis process.

For the development of new carrier generating

it is further assumed that this jitter is a super- equipment the Swiss Post Office issued a provisional
position of two approximately equivalent parts, namely specification given in Fig. 1. It includes a flat
that due to noise in the transmission channel and that portion from 50 to (4000 - c) Hz of -117 dB. At
due to the carrier generator. This leaves about + 10 4 kHz and abo,,e, this is relaxed to -83 dB. Below
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5U Ez, the limit is relaxec accordinc to the state clock operatior. does noct appear tc be th;e most economic
cf the art in crystal cscillators, proportional tc solution for a larce switched network . rMr
f-l down to I Hz and f-3 below i Hz. Test orn prototype synchronizaton schemes have been es r, c, H I:
equipment have shown that this is feasible. proposed during the past l5 years. ,

In these proposals we car distinguish two main basic
TDM System Recuirements concepts of the way in which the clocks are ccrtrclled.

One cou2A be called "democratic" since it is based
As long as we deal only with point to pcint on mutual control of all oscillators having the same

digital links, the synchronization problem is solved rank ir the network, each taking its reference from,
by techniques known for many years. Thousands of PCM the average of a number of incoming signal strear.s
systems are in operation trcughout the world 1C, 11. The other method is of more hierarchical
transmitting 24 voice channels at 1544 kbit. s tin the nature, i.e. there is a master clock which controls
USA, Canada and Japan) or 3C channels at 2048 kbit/s other oscillators of lower rank 9, 12, 11. In mutual
tin Europe) over a single pair of wires. In many control frequency averaging) systems the frequencies
cases this technique has given a second life tc cables of the oscillators converge towards their average
laid 40 years ago or more. value on the long run. However this average value is

not constant if all clocks have the same weight and
A different situation has evolved with the some show drift (aging) as this will be the case if

development of electronic switching techniques and crystal oscillators are used.
entirely digital communications networks. Again, some
distinction is to be made between networks devoted Tntroduction of oscillators stabilized to an
exclusively to telephone traffic and those involving a- .i c reference implies usually some form of
data communications, due to the fact that digitized hierr-hization, however, there coul,! still be some
voice (e.g. P04) is considerably more tolerant to foc of mutual control should there be a failure of
occasional bit errors than data - at least if we wisb -1, -toric reference.
to exploit in the most effective way the inherent Pertormance, reliability, cost and flexibility
high data transmission capacity of a switched digital . ,, cure growth are parameters to enter in the
network. n tno and design process. There is a wealth of

- and a number of good solutions but no single
Whatever the s- and complexit, '- siict _ .- e :: method has yet clearly emerged as being the

work - conceptually there does not s- en tc o,. : one
limit - the question about synchronisr is presern' b,
the mere fact that digitized informa:,,.n " ti - Dri ,0uqsions held during the last five years in
ordered. The degree of synchronisu t. a P .,z the framework of CCITT Study Group XVIII (formerly

on tqe *arameters and orcanizatior ot tn 1,ework. S ir Study Group D) have led to a recommendation
A slight lack of synchronism leads cither Oo tne loss Whi7h -'.nstitutes the level of agreement reached in
or to tne duolication of some informaci-n lements. , It leaves enough freedom for the organization
Ho4,vr. imperfeot synchronis is not tne _;1v sourer ci national networks but sets minimum standards for
of errors in such systems. Tnerefore, even De fect the lnterfaces on the international level. It excludes
synchrnization - probably not feasicie -n a ceo- totally asyro-hrrnous networks but makes a clear
graphically extended system - would nor soive ai nistirction netween two classes of synchronous
the problems. -etwcrk,

Only very small systems can rely n a sing's 1'4tworlrs -, which -the clocks are controlled by
clock generator. Its failure shuts d'OST the sysir,, 'o. :- cf one of the synchronization schemes mentioned
In any network above the minimum siz there are .ar" above are celled synchronous. Networks in which the
clock generators. Synchronization always requires in master oscillators are not continuously controlled
principle the fulfillment of two conditions: but adjusted within close margins and of such high

stability that there are only very occasional slips
1. The clock rates (frequencies) must De are called plesiochronous (from greek: plesos - near,

equal within a specified tolerance. i.e. nearly synnT-ronouss. On the international level,
2. Switching operations, i.e. logical plesiochronous operation is being envisaged at least

transitions must occur at specific instants, for an initial period, since a binding agreement on

an unique control scheme is extremely difficult to
Two main factors act against the preservation of achieve.
synchronism:

The general condition for the international
1. Clock Imperfections (adjustment error, drift) network requires that the rate of occurrence of
2. Transmission delay variations, slips in any 64 kbit/s channel should not be greater

than one in every 70 days per international exchange
At the receiving end of a transmission link it is office. Furthermore, where a national network or sub-
not possible to distinguish between the causes of network is controlled by a single reference clock the
either effect, only their superposition can be seen. frequency of the clock must not be affected by control
Transmission delay variations always remain within signals generated within the national network or sub-
some bounds and buffer memories help to take care of network. Similar conditions apply to the case of
them. The incoming data stream is written into the rutual synchronization between reference clocks.
memory at its own rate and read out at the rate of
the local clock. Obviously, this involves additional Detailed specifications including clock per-
delay. If the local clock is slow, the buffer over- formance are given in the form of allowable time inter-
flows and information is lost. Synchronization, val error (TIE). A time interval error is the
i.e. establishment and maintenance of synchronism is difference between a nominal interval separating two
obtained by acting on the clocks and on the delays, instants generated by the clock and the true time
Bit stuffing (justification) techniques acting On interval as determined by the international standard
the delays only are used on high capacity (high time scale. The recomended performance of the output
bit rate) point-to-point transmission links, digit stream from an exchange directly controlled by
Exclusive use of stuffing allowing asynchronous a reference clock is given an follows:
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I. T e TIE over any period up to 212' unit assuming that the TIE samples are normally distributed.
intervals snall not exceed 1/8 of an unit
interval. (Equivalent frequency in accuracy of The last assumption calls for some caution:
6x10

- 5
) Frequency drift is to be excluded, i.e. its effects

2. The TIE over any period of 2 seconds shall should be small compared to the random fluctuations.
not exceed 200 ns (Equivalent frequency Furthermore, as the specification comprises not only
inaccuracy of 2x10 7

) clock errors but also timing variations due to other
3. The TIE over any period of 50 seconds shall system characteristics, it would not be wise to use

not exceed 500 ns (Equivalent frequency up all the allowed margin by clock instabilities.
inaccuracy of ixl0

-8
)

4. The TIE over any period of 1000 seconds
shall not exceed 1000 ns (Equivalent frequency Fig. 2 gives an idea about the possibilities to
inaccuracy of ixl0

9
) accomodate state of the art clock performance within

5. Over any period of S seconds, the TIE shall the recommended specifications. The solid line
not exceed (10-2 S + 20000) ns. (Equivalent reproduces the TIE limits recommended in CCITT G.811.
frequency inaccuracy of up to 1xl0

-11 
plus The dashed line (1) shows a (T) derived by using

a maximum peak - to peak jitter of 20000 ns) eq. (5) on published manufacturer's specifications
211 of typical commercial cesium stabilized oscillators.

Note: unit intervals is 1 ms at 2048 kbit/s The dashed line (2) shows an example of a possible
and approximately 1,3 ms at 1544 kbit/s failure mode of the reference clock: Removal of the

Note 2: 20000 ns is approximately 40 unit inter- cesium reference and continuing operation with a
vals at 2048 kbit/s and 30 unit intervals good crystal oscillator which ages 3 parts in 1

11

at 1544 kbit/s. per day. The TIE specification would be violated
after 53 hours. This leaves enough time for re-

It is important to keep in mind that this specifi- placement of the defective unit. It is however an
cation regards not only the reference clock but the open question whether all or part of the allowed
whole equipment constituting the international inter- 20 microsecond margin can be used in such a case.
face. In particular, it comprises some margin to allow
snort term time interval departures required for the Since a total failure of the timing system leads
operation of synchronization systems. The term "shall to the disruption of high traffi- capacities, maximur
not exceed" should be completed by a statement of reliability is at least as importArt than specified
'very low' probability of violation, timing performance. For a typical international ex-

change the required mean time between total system
The time interval error as defined above can be re- failures should be at least of the order of 50 years
lated tc the clock oscillator parameters used in the supposing normal preventive maintenance. There is
field of time! frequency metrology as fcllows: still some discussion about how the reliability

should best be defined but the figure cited appears
If the clock s normalized frequency departure realistic on the basis of pest experience with FDM

("fractional frequency offset") y(t) defined in the carrier frequency generators operating in the
literature 15, 1E is known, the TIE accumulated author's country
between the instants t and tk+T on the reference
time axis is given by Proper network organization is a major factor

t k for achieving high operational reliability. A large
X(tkT ) j= y(t)dt = x(tk+T) - x(tk) (2) system must not depend exclusively cn one single

ttiming center but split up into '.egions. These must
be capable to remain operational despite failures

On the other hand, any measurement of y(t) cannot affecting adjacent regions. Regional centers will be
be made directly, but only in the form of samples equipped with master oscillator supplies comprising
averaged over a finite time interval T and this is: at least two redundant units.

18 
In Switzerland the

long distance network comprises about 50 regional
Y(tk,r) = x(tk, T) (3) centers having each its carrier generator supply forFDM systems. The future TDM systems will of course be
Repeated measurements of this quantity lead intergrated into the existing facilities. There is no

quite naturally to the computation of the average firm commitment yet as to how many of the 50 stations
TIE and this is simply related to f thewo sample will be designated as reference stations with cesium
(Allan) variance stabilized master oscillators but there will be more

than one. All centers are already linked by a re-
2 (T) (+ T) T))2> (4) ference frequency supply system which is currently
y , < ( being reevaluated for modernization.

15 One area requiring more study is the remote
We then may writei control of reference frequency generators via digital

links. Some recent results of jitter measurements on

2 2 2 2 (2) 2048 kbit/s lines containing up to several hundreq
U2 (T) - 2T 0 2(T) = T D 

2 
(r) (5) regenerating repeaters in cascade are available 1 butthere is still a need of more experimental data on

where (2) () various systems.

D (2)(T) - 2 Conclusion:S (2svO )2
0 The review of work published during the past

using the relation between the two sample variance fifteen years on the subject of time and frequency
and the second phase structure function introduced and communications technologies seems to indicate
by Lindsey and Chie 16. To the extent in which it that considerable work has been done in parallel
is allowed to predict future behaviour from pest without very much dialogue between specialists in
performance we may use a x(T) as a predicted RMS TIE, the two fields. Now this situation appears to have
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changed ccnsideratly and the examples have been dis- (17) W.C. Lindsey and C.M. Chie, "Theory cf Oscillator
cussed here as an attempt to bring the two disciplines Instability Based upon Structure Fur.ctions,
ncre closely together. Much wcrk remains tc be done Proc. IEEE, Vol. 64, No 12, pp 1652-1666
and this points to an exciting coamon future. (December 1976)
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Summary Block diagram

The introduction of new techniques in te- Fig. 1. Starting with the cesium frecquen-
lecommunications has created particularly de- cy standard, which can be replaced by an ex-
manding specifications on the quality of base- ternal reference, one recognizes first the
band frequencies. The long term (T > 100 S) system of generation of the internal reference.
stability of the master clock must be less The 5 MHz frequency is the backbone of the
than 1 x 10-11. Moreover, the different base- rack, if it is missing, all synthesized out-
band frequencies must have a spectral purity puts are cut off. The present system assucres
for Fourier frequencies from 100 Hz to 4 kHz a high reliability, since it is necessary at
which can only be achieved by high-quality any point to have two simultaneous falu.rcs
quartz crystal oscillators, to cause a general interruption.

A new development which meets these re- By reason of power-combiner and sow r-
quirements as well as those of reliability and splitter elements which have 5D Qin'.,e,
redundancy demanded by telecommunications sys- all distribution of 5 Mhfiz is at 50 Q.
tems is described.

Three units of complimentary chai acter
Introduction joined together by a vertical servo _tructure

combine to form a reference with the characte-
The ensemble of base-band frequency ge- ristics:

trators must supply the needs of a communi-
Stions center with 6 FDM and 3 TDM frequen- a) spectral purity of a quartz zscciia-
'es, according to very high specifications. tor Y < -135 dB for Fourier trecue-
mcdular construction permits equipping the cies > 10 Hz

.requency generating rack in a partial or com-
ete fashion, to synchronize the signals by b) short term stability OT.,iT

--.e distribution of an external reference fre- 3 x 10-12
luency or to generate the reference frequency
locally with the aid of a cesium standard. c) long term stability of a cesium stan-

dard < 5 x 10-12
Each output frequency is derived from a

quartz oscillator, contained in the generator The cesium standard determines the Ic-.g
synthesizer module, and each module provides term stability. By means of a combined tanaor
either 15 or 25 isolated outputs according to and digital servo the cesium stability is gi-
the frequency. For reasons of redundancy, yen to the primary B-5400 quartz osci.lator.
there are two generator-synthesizer modules This oscillator in turn servoes the second
for each frequency; all units are in turn ser- B-540O oscillator by means of an identical
voed to a 5 MHz internal reference. Thus a loop. The servo time constant, about 131 s,
completely equipped rack will have a total of is chosen such that the cesium standard does
42C outputs as follows: not degrade the quartz oscillator performance

in the range where the latter has a better
2 x 15 outputs at: 440 kHz frequency stabilitv.

2.13b MHz
2.2 MHz In case of th- absence or failure of the
2.048 MHz cesium standard, oscillator 1 continues to

servo oscillator 2, and the frequency is de-
2 x 25 outputs at: U kHz termined by the B-50O .,?hich has an aging

12 kHz rate of less than I x 10-0C per day, tvpical-
124 kHz ly 5 x 10-11 per day. In the racks for FDY

4.096 MHz frequencies without cesium standards, two
16.896 MHz functional modes are possible for oscillator

5 MHz 1:

Dual power-supplies connected by "or" a) the frequency control voltage is cut
diodes as well as a monitoring system of ur- off, frequency is set manually.
gent and non-urgent alarm signals serves to
obtain a high reliability and ease of mainte- b) th, servo loop memory is blocked and
nance. provides a fixed voltage to the oscil-

lator control. At turn-on this voltage
is at the center of control range.
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he :r.rse-loc~ed-loop is in position example, permit a regulation of 40>, steps.
zt w iiring : the frequency can be pe- This is insufficient to control ti.e crystal
rio lially readjusted by connecting oscillator for years and obtain at The same
in -ax-ernal standard. The state after time a regulation sufficiently fine.
tne .ast correction is memorized.

The present method is characterized by
The sqn',- c-ntrol assemblies and oscilla- two feed-back control loops connected in pa-

torc are identical, therefore, interchangep- rallel; one has digital configuration with an
ble. lhe units are adjusted in such a manner up-down counter memory, the other has an in-
that the cutput signal and the reference are tegral-proportional control configuration
in phase. with an amplifier integrator. One obtains the

optimum feed-back control conditions by the
Frequencies are synthesized by classic combined action of the two loops. The digital

PLL, composed of a linear phase comparator, a loop allows correction of the drift of the
quartz voltage controlled oscillator non-tem- crystal oscillator in steps relatively large
perature controlled, frequency dividers and over a wide range, while at the same time the
output amplifiers, analog control loop provides a fine correction

between the steps of the digital loop.
Cesium frequency standard

In case of absence of the standard fre-
Fig. 2 quency, the counter - memory of the digital

loop retains the frequency of the crystal os-
The frequency standard is a model 3000, cillator at the last value attained. On the

described at the Frequency Control Symposium other hand, as the proportional control loop
in 1975. requires a gain only sufiicient for phase re-

gulation between two steps of the digital
The front panel controls concern routine loop, it is possible to realize an analog

measurements of equipment operation which are loop in which the time constant is sufficient-
made a few days after placing the standard in ly long to take advantage optimally of the
operation, and then at regular intervals, 1 characteristics of the two frequency sources.
to 3 months. Other operating controls are ac-
cessible after removing the cover panel. A system block diagram is given in fig.

3, showing the main functions.
5 MHz phase locked loop

This system has two basic operating mo-
The high quality temperature controlled des : the initialization mode which is neces-

quartz oscillator is one of the most stable sary at the time of establishment of the re-
frequency sources available on the market to- ference frequency to quickly correct the fre-
day for observation times up to some hundreds quency of the oscillator; the normal opera-
of seconds. The slow drift of frequency ne- tion mode when only small corrections are
cessitates a recalibration from time-to-time, necessary to compensate for the aging of the
The frequency instabilities of a cesium stan- crystal. The contrdl circuitry automatically
dard are smaller than those of quartz oscil- cycles the system from one mode to the other,
lators for measurement times in the order of when necessary.
hundreds of seconds.

Operation of the servo system can be
Consequently, the servo time constant understood as follows:

for locking a crystal oscillator to a cesium
standard should be in the order of 100 se- There are four phases possible:
conds to take maximum advantage of the two
frequency sources. 1) Phase I, initialization, which is ne-

cessary when establishing the control
A proportional feed-back control system voltage, when cornecting the referen-

capable of maintaining the oscillation of a ce frequency or when an accidental
crystal oscillator in phase with the oscilla- phase or frequeny jump occurs.
tion of a cesium standard must have conside-
rable gain to be able to correct the slow 2) Phase TT, test, which permits auto-

frequency change due to aging of the quartz. matic passage from phase I to phase
However, it is extremely difficult to realize IIMon resetting the integrator to
such a proportional servo loop having at the zero.
same time the necessary gain and a time con-
stant of the order of 100 seconds. 3) Phase III, normal operation, in which

phase the voltage derived from the
On the other hand, a digital servo loop Digital-to-analog converter progres-

does not allow regulation of the crystal os- ses by'steps each time the integrator
cillator in steps sufficiently small such output voltage reaches its limits.
that the deviation in phase between the
quartz oscillator and the cesium standard, 4) Phase IV, blocked, in which the oscil-
will always be within desired limits. High lator is free running because of lack
capacity digital memories with output of 12 of reference frequency, and the os-
bitg and conversion to analog voltage, for cillator frequency is established by
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the last value memorized by the D-A --I F
converter.

Phase I can also be manually started, L J
only the analog servo mode is operational.
Amplifier gain is 4 and the servo time con-
stant is 5 seconds in order to increase the
pull-in range. This phase permits a rapid
acquisition and memorization of the oscil-
lator frequency control voltage my measuring _
the phase difference at the reference fre-
quency. The total range of the memory is
swept in 16 seconds. i i -:ijiz:

Phase II, normal operation, establishes
a time constant of 100 s. This is accompli- GENERATON OF A-BAND FREW
shed by reducing the system gain by a factor CPTION
of 400 and at the same time placing the digi-
tal and analog servo systems in parallel. One ig. 1
step of correction of the D-A converter cor-
responds to 5 x 10-11 parts change in fre-
quency of the oscillator. The steps of cor-
rection of the voltage control by the D-A
converter are only possible in an interval
of 64 s so reducing the transmission of re-
ference oscilla-or noise. An increase or de-
crease of the memory is Therefore established
by two criteria : integrator output voltage
falling outside the comparator window refe-
rence voltage and, simultaneously, presence
of correction pulses wnich follow at an in-
terval of 64 s. The comparator window func-
tions at a level 10 times greater than a
voltage unit of correction, therefore, at a
level which poses no drift-problems. To avoid
transient effects, a correction step is al-
ways accompanied by resetting the integrator
to zero. A typical variation with time of the
control output voltages of each control-loop
is shown i_, fig.

Frequency synthesis

1>hema t i 2 bloc Ci agram fig. 5 shows the
generation of frequency cited above by di-
,3ct PLL synt,,esis. Considerable development

effort was devoted -o suppression of side
bands at the comparison frequency and its
.oarmo. o st ad to phase-noise spectral purity
close to the carrier.

Resul ts

Fig. 6 shows spectral characteristics of

the internal 5 MHz reference frequency which
corresponds to the performance of a non-per-
tu rbed oscillator.

1ig. 7 shows a similar measurement made
c_ ;nr f 'ne synthesi; er outputs.

.cto);uitr tons -ruc tion is il lust rat ed in
f ii. j, , i and II.
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TIME DETERMINATION FOR SPACECRAFT USERS
OF THE NAVSTAR GLOBAL POSITIONING SYSTEM (GPS)

Thomas J. Grenchik
NASA/Goddard Space Flight Center

Bertrand T. Fang
EG&G/Washington Analytical Services Center, Inc.

Summary * Orbit determination with the measurements

and the model
NASA is investigating the possibility that earth-

orbiting artificial satellites could be users of GPS. * The relationship of error in user navigation
The SEASAT spacecraft, to be launched into a 108 to errors in the mathematical model and
degree inclination, 800 km altitude earth orbit errors in the measurements
in 1978, was to have provisions for the reception
of one way pseudo-range and pseudo range-rate meas- 0 The presentation of the results, the error
urements from the Phase I CPS satellites. Although in user position, velocity, and clock off-
the SEASAT/GPS experiment was cancelled because of set
time constraints, the present study still uses SEASAT
as a specific example to investigate the effect of GPS Measurements
spacecraft clock offset on the CPS orbit determination
capability, the optimum processing of measurements A primary concept of this presentation is: Global
for the determination of clock offset, and the accuracy Positioning System (GPS) navigation is performed by
that can be obtained. The clock error enters the orbit time measurements. If one were to err on the side of
determination process in the following two ways: as simplicity, CPS navigation in space could be cast as:
time tag error, and as signal propagation error. The "If you tell me where you are and what time it is, I
problem of spacecraft as users of CPS is distinct from will know where I am, and of course, I will know what
many other types of users in that the spacecraft state time it is." A well-run train passes a station, the
includes, as a minimum, three position and three ye- stationmaster bellows as I pass on the train, "It is
locity components plus the parameters defining the 5:00 p.m. and this is Trenton." I set my watch and
clock offset, and the comparatively predictable user expect to be in Philadelphia at 5:40 p.m. The station-
vehicle dynamics provide smoothing for the determina- master is the CPS space vehicle and I am the user.
tion of time offset. Space travel is very predictable, the example of the

train travel may not be, but it is meant only as an
The investigation assumes a minimum variance batch over-simplified example.

orbit determination process is used to solve for the
orbital and clock parameters. To be realistic, in Two Body Model of Spacecraft Motion
addition to the timing error, the GPS ephemeris error
and the SEASAT dynamic modeling error are also taken In any field of endeavor there are a few basic
into consideration. The results of the study indicate: principles, and there are thousands of niggling de-
the time tag error is of secondary importance, the tails concerning the basic principles. These are the
optimum smoothing duration is of the order of one details which complicate the subject, often beyond
SEASAT orbit (1100 minutes) and represents a compromise belief or comprehension. In describing the mathe-
between the long duration desired for observability matical model of spacecraft motion, these details will
and the short duration desired to minimize dynamic be omitted. This simplified model will be the motion
errors, and if all errors considered are random in of two bodies in an isolated space. (Fig. 1)
nature, the time offset and the SEASAT orbit may be
determined to very high accuracy. However, modeling A user, in some manner, has been placed in orbit
errors, although unknown, are systematic in nature, about the earth. The earth is assumed to be spheri-
The correlation between the systematic errors and the cally symmetric, the user is above the appreciable
clock offset limits the accuracy in time determination, atmosphere, the sun and moon attract the user negli-
Alternatively one may say the time offset accuracy im- gibly, and solar radiation has insignificant effect
poses a requirement on such factors as our knowledge on the user trajectory. The only force exerted on
of the GPS ephemeris and the earth's gravitational the user is the force of attraction by the mass of
field. the earth. The mass of the user is negligible com-

pared to the mass of the earth. In this simplified
Introduction situation it is possible to precisely define this

user's motion with time.
The final presentation of calculated error can be

clarified by digressing slightly. An unembellished It is convenient to construct a Cartesian co-
review of basic concepts is appropriate at this point ordinate system in which to uniquely describe the
and is intended to lead to a rudimentary grasp of position and velocity of the user. (Fig. 2) One
navigation error and the method of calculation. The reference direction in the coordinate system is select-
discussion will cover in a simplified fashion, the ed as the spin axis of the earth. The reference plane
following topics: is the earth's equatorial plane, and a reference direc-

tion in this plane is made to point to a "fixed"
* The GPS measurements pattern of stars on the celestial sphere. The third

reference direction is chosen to form a right-handed,
The concept of a mathematical model defining orthogonal coordinate system. The center of the co-
user spacecraft motion and its predict- ordinate system lies at the center of mass of the
ability, earth. Newton's laws are valid in this non-rotating,

non-accelerating coordinate system, and there exists a
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proportionality between the force of attraction acting
on the user and the acceleration he experiences. The IF SV CLOCK AND USER CLOCK ARE IN AGREEMENT:
resulting set of three, second order differential )2*/v 2+2vYs2
equations of motion requires six initial conditions (C*EASUREMEN 2+ S .* _ USR) (YSV YtSR sv-u ER)

for solution; an initial position (3 components) and
an initial velocity (3 components). The two body ISpeed
motion of the user about the earth is determined for of (Delay Time) = Distance between space vehicle
all time by the solution of this set of equations. Light and user

NEWTON'S SECOND LAW APPLIED TO THE TWO BODY ORBIT IF SV CLOCK AND USER CLOCK DIFFER BY A TIME OFFSET, At:

FORCE = (MASS) (ACCELERATION) 2  
2 2(C*IEASUREMEN*%(Xsv-'USER) +(Y sv-YusER ) 
+z sv-zUSER)

-k m 5  m -dr + CAt

2 -km RSpeed)
d x - E x of j (Delay Time) = Distance between space vehicle
dt2 (x2+y2+z2)3/2 Light and user + Speed) Userof |Clock

2 -k Light Offset!dy = -mE y
id2 (2+y2z2)3/2 i

dt 2 (x2+y2+z )x = x coordinate of space vehicle

d2z -k mE2 -mxUSER = x coordinate of user

dt
2  (x2+y2+z2 )3/2

SE ms teAt = user clock offset
mE =f mass of the earth__________________________

ms  = mass of the user

k = constant of proportionality A measurement of the rate of change of time delay
between the space vehicle and the user contains infor-

= 2 2 2 mation about the space vehicle and user's velocities.
R This measurement is made in companion with the time

delay measurement. Additional space vehicles supply
non-redundant measurements, and when a sufficient num-

Orbit Determination ber of measurements have been made, the user may begin

his estimate of position, velocity, and clock offset.
Orbit determination is the process of inferring

the position, velocity, and clock offset of the user Seven independent measurements from one or more
from measurements made of the user motion in the GPS spacecraft enable one to solve for a set of pre-
Newtonian coordinate system. The output of this pro- liminary estimates of the user orbital position,
cess are a time or epoch, the three components of velocity and clock bias. The accuracy of such esti-
position at that time, the three components of veloci- mates is inadequate because of the inevitable measure-
ty at that time, and user clock offset at that time. ment noise and the uncertainty in our knowledge of the
With the mathematical model of motion (the two body CPS space vehicle orbits and the earth's gravitational
model of user motion), and the estimated position, field (the total mass of the earth and other geopoten-
velocity, and clock offset, the user can predict tial coefficients describing the deviation of the earth
his trajectory for the present and future time. This from a homogeneous sphere). Therefore, precision
result of knowing where you are and where you are orbits are usually determined by "curve-fitting" a user
going, is the process of navigation, trajectory to a set of redundant measurements distrib-

u'ed over a chosen data span in accordance with the
For GPS one of the measurements made of user following procedure:

motion can be described in the following way: (Fig. 3)
The GPS space vehicle transmits to the user the GPS 1. Calculate, from the preliminary estimate and
space vehicle time, position, and velocity. The user the dynamic model of user motion, a trajectory for the
carries a clock, and if it is keeping time perfectly user over the data span.
with the space vehicle clock, the user can measure the
span of time required for the information to travel to 2. Calculate what the measurements would be,
him. The user, by scaling this delay time by the based upon the above trajectory and the model of the
speed of light, computes the distance between the user measurement process.
and the space vehicle which sent the information. If
the user clock and the space vehicle clock are offset, 3. Relate the difference between the actual
the user computes the distance between himself and the measurement and the calculated measurement to an ad-
space vehicle, plus an additional distance related to justment in the preliminary estimate of user position,
the clock offset. In the calculation of distance, velocity, and clock offset.
the GPS space vehicle position is known, since the
space vehicle has already sent that information to 4. Continue the process based on the current
the user. estimate until negligible adjustments are made to the

estimate of user position, velocity, and clock offset.
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The mathematics involved in this procedure will For the data span considered, there are many other
be described briefly in the following. Let X(to), equations similar to this, representing different
y(to). z(to), i(to), (t0 ), i(to) represent the pre- measurements made at different times and from differ-
liminary estimate. "to" is some reference time, which ent GPS spacecraft. The left-hand side of these
will be chosen as initial time for the convenience of equations are known quantities which serve as feedback
the following discussion. The user dynamic equations error signals. On the right-hand sides are the A's
of motion, similar to but more complete than the two which represent two kinds of quantities. The user
body equations, are then integrated, subject to the orbit estimate errors such as Ai(t ), Ax(t ) and the
preliminary estimate as initial conditions, to obtain clock offset At are quantities to ge inferred from
a user trajectory these feedback signals. The random noise n(t), the

dynamic parameter uncertainty Aaand the GPS spacecraft
Xc(t) - f(x(to),y(to),z(to),i(to),.(to),i(to);a) ephemeris error such as Axsv are unknown error sources.

Although the latter quantities appear in these equa-
tions not any differently from the former, the limited

with similar expressions for the other position and information content and the computational constraints
velocity components. The computed trajectory is not preclude the estimation of every unknown parameter
the true user trajectory because the initial estimate appearing in these equations. Before giving an expres-
x(to) ...etc. are in error and because of uncer- sion for the feedback gain, the following general
tainties in our knowledge of the dynamic parameter a, observations may be made:
which stands for geopotential coefficients, atmos-

pheric drag and etc. To first order one may relate 1. The error sources not estimated will cause
the trajectory error to the error sources as some errors in the estimated parameters. Random

noises tend to be smoothed out because there will
af af af generally be many more measurements than the param-

AXc(to) ax -( t) - (to)+ eters to be estimated. At the current state of art,
systematic errors such as GPS ephemeris error, geo-
potential error, and atmospheric drag error at low

From the computed trajectory, the range from the user altitudes, are more important. The latter two are
to a GPS spacecraft may be calculated as dynamic modeling errors which generally cause errors

that amplify with elapsed time.
1 22()2( 2

Rc(t) svC-c t)+ Y csvc-Zc 2. The observable "feedback error signal"
must be sensitive to variations in a parameter "A"
at a detectable level and in a unique way, for the

which is equivalent to a signal transit time of TC(t) inference of that parameter to be possible. This
R C(t )  

implies-

- . On the other hand, the measured signal tran- a. A exists in estimated parameters

sit time may be written as if they have similar effects on the observed
"error signal."

T t-- xsv- (t+&t))2+ (YsvY (t, At)) 2 +(ZsvZ (t+At)) 
2  

b. In gnerl, f Ia x(t). an
2 2 b. In general, =- ) and

therefore the sensitivity of the observed error
At + n(t) signal to orbit corrections &x(to), increases with

elapsed time (t-to). From this consideration a

1i a Rc(t) aRc(t) long data span is desirable. This also applies to
Tc(t) +C "Ct- Ax(t) + xs &svC +... the estimation of spacecraft clock drift-rates.Svc On the other hand, as discussed in "I" above, a

long data span is susceptible to unmodelled dyna-
1 

3Rc(t) mic parameter errors. Thus a compromise has to
+ xc(t) x (t) +.. + I At + n(t) be made.

c. The "unity" in the coefficient of At
where C is velocity of light and n(t) is random meas- represents the transit time error while the rest
urement noise. By making use of the above equations, of the terms represent the time-tag error.
the difference between the actual and the computed Obviously the latter is negligible in comparison
measurement may be written as with the former as far as range measurements are

concerned. Transit time error is the error in

1aR(t) aof af the measured delay time. Time tag error is the

T(t)-T( C t Ax(t + A;(t error in relating the measurement time to epoch.
0 CLet us group together all the measurements In the

following matrix form which is a generalization and
f Arearrangement of Equation (1):

[y-y l [AI x 0 + (I] 1AW + IN) (2)

+ + 6sv+
ax 

where

+ aRc(t) x(t) Ay - parameters to be estimated such as the user
+l- +. ' " + 1i At + n(t) (1) spacecraft clock error.
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parameters not estimated such as the CPS ORAN is used to simulate a batch minimum-variance,
ephemerides errors and weighted least-squares orbit determination process and

apace vehicle someies errors, compute the corresponding errors and accuracies. The
geopotential coefficient errors, results are summarized in the following paragraphs.

N - zero-mean random measurement and dynamic 1 Orbit Determination Accuracy. For all butnoise. . ObtDtriain cuay o l u
very short tracking spans, random measurement errors

feedback error signal, the difference are negligible in comparison with the unmodelled
parameter errors. The tracking rate is also not very

between the actual and computed measure important. For short tracking-span orbit determina-
ments.ton geometric errors (primarily GPS ephemeris errors)

[A]B] = known partial derivatives representing dominate. Dynamic errors (primarily geopotential
th],[B seknsit ities ofrtheterrorrsignalnwith uncertainty) tend to grow with time and become impor-tothe part et toh e esiatd tant for long tracking span orbit determination. The
respect those erametrs tot estimated tracking time span for optimum orbit determination is
and to those error sources not estimated, around one user orbital period (z 100 minutes). The

The corrections to the preliminary estimate are obtain- resulting user orbit uncertainty has standard devia-tions of approximately 8 meters in position and
ed from the error signal as 1 cm/sec in velocity. About 3/4 of these are the

I'( ) contribution of geometric error sources.

o 0 . K] [-y] (3) 2. Effect of Time Tag Errors. It may be seen

I from Eq. (1) that the effect of time tag errors is

where the feedback gain is usually chosen to be proportional to the spacecraft velocity and accelera-
tion. Our result indicates that a time-tag error of

AT -1 T 100 microseconds contributes approximately 1/2 meter
[K] - QA [WJ(A]) [A] JW (4) orbit position error. Since time-tag accuracy is

(W] - chosen positive-definite weighting matrix, expected to be much better than 100 microseconds one
may say the effect of time-tag error is negligible.

As stated before this procedure is repeated until con- Because its effect is small, it is also not possible
; i, *(to) [01 to estimate time-tag error with accuracy.

gence occurs; i'e'., JT [ . The remaining 3. Clock Bias Estimation. USER spacecraft

orbit determination or estimation error may be obtained measures its range from a GPS space vehicle by keeping
from Equations (2) and (3) as track of the signal propagation time. A 10 nano-

second clock bias is equivalent to 3 meter range bias.

Wt0 [K - B[A6 + [N]) Our resultsa indicate the following with regard to
Ay estimation of clock bias. In the absence of unmodelled

dynamic parameter errors clock biases may be deter-
mined to the nanosecond level. There is, however, a
high correlation between the clock bias and the uncer-

noise [NJ in this expression are of course unknown. tainty in the gravitational parameter GM, i.e., the
But once their statistical properties such as means, product of the universal gravitational constant and the
variances and correlations are specified based on total mass of the earth. It is, therefore, not
experience and deduction, the corresponding statisti- possible to determine clock bias to better than 25
cal properties of the estimate may be obtained imme- nanosecond accuracy in the presence of a gravitational
diately. The variances are measures of the accuracy error of one part per million.
of the estimate such as the confidence one has in the
spacecraft clock offset estimate. The correlation
coefficients, if reaching close to unity, would
signify that some of the parameters may not be esti-
mated without ambiguity.

The use of the gain matrix given in Equation (4)
results in the so-called weighted least-squares esti-
mate because the estimate minimizes the weighted
squares of the error signal; i.e., [y-yc]T [w] [Y-Yc].
Frequently the weighting matrix is chosen as the
inverse of the covariance matrix of the measurement
error. In the ideal, but unrealistic situation in
which all error sources are random in nature, this
choice minimizes the variance of the estimate, and
one has the so-called un-biased minimum variance esti-
mate.

User Position, Velocity, and Clock Error

To illustrate the effect of clock errors and the

accuracy with which the USER spacecraft time and orbit
say be determined, a low-earth-orbit spacecraft
(SEASAT) as tracked by six Phase I GPS space vehicles
is considered. The orbital characteristics of the
user and the space vehicles are given in Table 1.
Error sources corresponding to the present state of
art are described in Table 2. For this tracking
configuration and error model, the computer program
= 4S2
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TABLE 1. ORBITAL CHARACTERISTICS OF PHASE I

GPS SPACECRAFT AND USER (SEASAT)

SPACECRAFT INCLINATION PERIOD NODE MEAN ANOMALY

GPS #1 -1200 -23.20

#2 -120* 16.80

#3 630 12 Hrs. -120* 56.80

#4 1200 16.80

#5 1200 56.80

#6 1200 96.80

USER (Circular Orbit

at 800 Km Altitude) 1080 100.5 Min. -750 1800

TABLE 2. ERROR MODEL

tandard Deviation of Tracking System Error

:Range Noise 1 m

Range-Rate Noise 0.15mm/s

IGPS Spacecraft Ephemeris Error 30 m (Position)

0.5 cm/s (Velocity)

Standard Deviation of Dynamic Parameter Uncertainty

Atmospheric Drag 25%

Earth GM I part per million

Geopotential Harmonics 50% of the difference between

the two gravity models,

MD1 and GMS
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TRANSCONTINENTAL AND INTERCONTINENTAL PORTABLE CLOCK TIME COMPARISON

H. Hellwig, D. W. Allan, S. R. Stein and K. A. Prichard
Frequency & Time Standards Section

National Bureau of Standards
Boulder, Colorado 80302

NBS has developed and used a small portable rubi- less important. Upon arrival of the portable clock,

dium clock, which permits time comparisons with other the clock is measured against that laboratory's time

laboratories at much less cost than possible with the signals, monitored during its stay there, and measured

traditionally used cesium clocks [1, 2]. The use of immediately before leaving for its return trip. The

this clock over the past year has shown that time portable clock could remain at such a laboratory for

generating clock ensembles perform with stabilities of times of the order of one week, if the frequencies are a
14 -13parts in 10 for time periods of months. National and priori known to within 10 . Despite the advantages in

international precision time comparisons are done today weight, size, ease of handling, etc., it is obvious that

routinely via Loran-C and portable atomic clocks, the rubidium clock would be much inferior to a cesium

Satellite links are being explored today and may become clock for a long-term clock transport involving a series

the main link of the future. Nevertheless, portable of remote sites, each having not very well-known time or

clocks will be needed to calibrate satellite links and frequency signals [3,4].

to study variations in such transmissions.

We executed numerous trips from the National Bureau

of Standards (NBS) in Boulder, Colorado to the U.S.

Naval Observatory (USNO) in Washington, D.C. and several

The stability of the rubidium clock and its comparisons with the Bureau International de i'Heure

sensitivity against environemental effects is almost an (BIN) in Paris, France, durino the past year. These

order of magnitude inferior to that of cesium clocks, trips served to bring abot. a comparison of the respec-

However, in successful round trips, using time closure tive time scales with previously unachieved precision.

between departure and arrival at the originating They also served to check the capability of the portable

laboratory, very acceptable time comparison precision rubidium clock. Support for the capability of rubidium

can be achieved. More frequent portable clock portable clocks, as quoted above, is directly given by

comparisons not only lead to better confidence in the the data points in figures 1 and 2. In January 1977 and

time comparison and more information on the Loran-C April 1977, we carried two rubidium clocks simultane-

link but also to an increased ability to compare ously on the same trip to the BIH. In fact, it was

frequencies between time generating laboratories even possible for one person to carry two portable rubidium

when separated by large distances. With a time clocks with no major difficulty to the BIH in Paris.

accuracy of 100 ns and clock trips spaced three months

apart, fractional frequency measurement precision of In figures 1 and 2, we give the measurement results
10

4 is actually achieved by our series of time of a series of portable clock trips between NBS and USNO

comparisons as reported below, and NBS and BIH respectively. Plotted in figures 1 and

2 are the new 1977 rates; i.e., the actual rate changes

An important difference must be noted between were used to modify all data prior to 1 January 1977.

these rubidium portable clock trips and trips possible All data on rubidium clocks are based on NBS records,

using available cesium clocks. Because of the inferior all data on cesium clocks are based on USNO records.

stability of the rubidium clocks and the greater

environmental sensitivity, both almost a factor of 10 When using portable clock data to compare the time

inferior as compared to cesium, clock trips must be and frequency of two time scales remote to each other,

done as rapidly as possible. If time is to be carried it is profitable t6 consider the general character of

to a remote station which does not have a high pre- the iastabilities involved which may limit the compari-

cision timing system on site, an imediate return of son. In figure 3 we illustrate graphically an estimate

the clock and a quick trip are mandatory for good of the current instabilities in the OW and MUS time
accuracy. However, if the laboratory to be measured or scales, including the effect of the linear frequency

to be compared with is itself a high precision time- drift apparent in figure 1 on a (T) (the to-mle

keeping laboratory, a quick round-trip becomes much deviation). We assume that other time scales have

4U!



instabilities of the same order. Also plotted in figure laboratories. Portable clocks must therefore be used

3 is the portable clock comparison measurement noise for these purposes until it is demonstrated that a

achievable from repeated portable clock trips; we use an substitute system such as a satellite based system has

rms time error for each trip of 90 ns, which was ob- equal or better performance. We hope that both small

tained from figure 1. Therefore, the noise-model of rubidium and cesium portable clocks will become com-

figure 3 is applicable only to the USNO/NBS comparison mercially available so that laboratories involved in

of time scales. time-keeping and coordination can take advantage of bhe

available time comparison accuracy.

From figure 3 it appears that for the most part the

predominant "signal" process between two time scales is ACKNOWLEDGMENT
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FIGURE 1 Portable clock comparisons between USNO and NBS. The curve, X(n), is a least squares, quadratic fit:

X(n) = (16.27 ps/d 2)n
2 
+ (25.60 ns/d)n - 4.256 Us, where n = 1977 day count. D is the fractional

frequency drift per year. All available rubidium and cesium data are plotted. The rubidium measurement

around MJD 43080 is due to simultaneous transport of two independent clocks, yielding agreement to within

50 ns. The data are "normalized" to the 1977 time scale rates; i.e. the 1976 data were adjusted by 72 nsiday

for UTC(NBS) [6] and 60 ns/day for UTC(USNO) (7]. Horizontal axis = Modified Julian Day (MJD)
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FIGURE 2 Portable clock comparisons between BIH and NSS. The curve, X(nh, is a least squares, quadratic fit:

X(n) - (2
2
.81ps/d 2)n

2 
+ (6.64 ne/d)n + 0.837 us where n - 1977 day count. D is the fractional

frequency drift per year. All available rubidium and cesium data are plotted. The rubidium measurements

around JD 43150 and 5JD 43260 are due to simultaneous transport of two independent clocks each, yielding

agreement to within 90 no for each trip. The data are "normalized" to the 1977 time scale rates; i.e. the

1976 data were adjusted by 72 ns/day for UTC(NBS) [61 and 86.4 n/day for UTC (6,7 1. Horizontal

axis - Modified Julian Day (WD). 497
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i; therefore they only apply to the USNO/NBS comparison.
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DISTANT OMPARISON OF STABLE FREQUENCY STANDARS BY MEANS OF THE TRANSMISSION OF A BEAT NTE BWEEN THE
CARRIE CF A TV BRMADCAST SIGNAL AND A FRDWEWY SYNTHESIZED FRM THE FRE 4Y S ND ARS.

A. GABRY, G. FAUMEWN,B. iX/BOIJIS

CENTRE IW@TICNAL D'EI1'DFS DES TEL UICATIMS

Issy-les-Moulineaux,
FRANCE

AND

P. PETIT

IABORATOIRE DE LOHORIOGE ATMQUE - UNIVERSITE PARIS-SLD

Orsay, France

In his method of distant c arison of stable figure 3, from the TV carrier and H-maser output
atomic frequency standars, a low frequency beat note signal frequencies. The telephone line is used to
is produced between the carrier of a TV broadcast compare the two phases which should be equal if the
signal and a signal which is frequency synthesized frequency standards were identical.
fran each frequency standard,in laboratories A and B.
The audiofrequency signal obtained in laboratory A Neglecting the electric length variations of
is transmitted to laboratory B via a telephone line. the wire, the possible phase changes might come from
It is phase compared to the other audiofrequency the TV set, the frequency synthesizer, the carrier
signal which is locally produced in laboratory B. A reception and fluctuations of the propagation delay.
record of the variation of the relative phases of the Effect of the TV set.
two frequency standards is then easily achieved. The
frequency of the stable sources being converted up The TV set is used as a mixer of the TV-video
to the TV signal frequency (close to 185 NHz in the ex carrier and of the synthesized signal. Since it is a
-ample given), one can easily see that the resolution broadand device and owing to the low required ban-
of this method of phase omiparson must be excellent. dwidth (a few 100 Hz corresponding to the low frequency
The allowed resoluti of frequency comparisons is signal), linear distorsions can be neglected. It has
then equal o 4 x 10 x 1/ r for 1 s < T <300 s been checked with respect of both tuning an reception
and 6 x 10 for T = I hour. level, that a good enough phase stability is achieved.

Introduction Synthesizers.

In order to cmpare different clocks, a single The synthesizers are very sinple and then
TV pulse can be used' . This yields an accuracy of requiored phase stability is easy to achieve. With
roughly 10 ns i.e. a relative p"Rision of 1OG for commercially available synthesizers, the phase of the
a asurement time of I s, or 0"k for 100l s or low frequency signal depends upon the amplitude adjus-
10"" for one day. This points out the fact that only tment of the synthesized signal (specially at 176254.
long term measurements are significant with this 39 kHz) but this is a negligible effect since this
m6thod. High precision short term time and frequency asplitude is a constant.
comparisons requires at least oe nse u arary.
This can be acheved using laser pulses , when both Reception at Orsay.
laboratories are directly visible from each other.

In this paper we describe a new and cheap Acoording to the experiment, there is good evi-
method using a TV carrier together with a simple d4noe th tbb hse uncertainty of the received TV
telephone line. It allows a precise comparison of carrier is less than 0,04 ir (O,1 ns) in spite of the
the short term frequency stability of distant fre- emetter antenna is not directly visible from there.
quency standards. The experiment has been performed
in France between Orsay and Issy-les-Moulineaux Propagation delay.
near Paris (Fig 1) using a 185 Mz TV Carrier.
Although the first laboratory (Orsay) is not direc- The to laboratories (Orsay-Facult6 des sciences
tly visible from the emritting antenna (Eiffel and Issy-les-mulineaux- (NL) are located in the same
toaer), the reception level is good enough. direction with respect of the single TV transmitter

(Paris-Eiffel tower). Tu distance between the labo-
ERiimental Set-D ratories is 16 km. The air refraction index may be.evaluated fran the following forsula3

A requirement of I ns precision is equivalent

to a carrier phase precision of 0.4 7r .This can
be easily obtained using only low frequency mmas- (n-i) 106 - 77,6 (p + 410 e)

rement, with the set u p shawn on figure 2. T T

The two frequency standards to be compared are
both hydrogen-eus. Te same raninal low frequncy
is synthesized in each laboratory, as shom on

4"



where2 - esson J. et Parcelier r-.
p (mB) is the atmospheric pressure "Synchronisation dans le danaine de la rwoeauijije
e (no) is the fractional pressure of water vapor d'horloges 6loigndes". Proceedings of the i x th
T (K ) is the thenrodynamic temperature International Congress of chroxxxnhtry Stuttgart

16-20/9/1974
using the table shown on figure 4, this can be translated
in terms of propagation delay versus humidity, assumng~ 3. OZIR - Avis 453
a normal atmospheric pressure as describe on figure 5. XIII Assembl~e pleinifre Genove 1974 Vo,.. 5 p. 65.
In the condition of stable weather, it is clear that
the variations of the propagation delay can he
negce specially at lowi temperature. It should he
noticed that the considered fluctuations of the
propagation delay are a oclmmun limitation of all
methods using such a propagation. It is cta'ions that

tepeiincan be ksprcved by aplyimi the relevant __7
corrections.6,

Experimental results ---

The dots on the figure 6 show that this method is *Tor ife -PAI

able to achieve a precision in time measurement of the W -'~
order of 40 pa for sanpling time between one to several
hundreds seconds. The curve bends for a delay greater
then 300) seconds giving a less go precision. Imhvare i," /
the curve sho~ws a-1/2 slope, unstead of- 1. It is
riot presently possible to decide if this loss of '

precision is rather a result of the measurement
method than an instability in the masers themselves NT ISYlsMU NEU
at the moiment of the experiment. For the purpose of CNTISYlsM LNE X
illustration figure 7 is a phase record between tw
distant hydrogen masers. A.'

The reported then allows a resolution of frequency

3C00 a and 6 x 1-1 for T = 1 hour.

The method has been used to characterize the fre-
quency stability of a stable cesium bean frequency
standard in Issy-les-Mnulineaux, by comparison with A- r
a hydrogen maser loaed1 Inart in Orsay.w
Obtain 0( T=12 hours) =1. 1 la

Alternatively, these results show that convenient
and precise measurements of the freuency of a hydro- hfn
gen maser are possible, relative to a distant cesium r.
beam frequency standard, and therefore to the best 2

realizations of the second, through TAI. Investiga- N,7-
tiona and checks of methods intended for the =rprove- -5 -

sent of the accuracy of the hydrogen maser can then
be easily imnplemented, even in the absence of a nearly .- " In *"

primary cesium bean frequency standard. A. ~
Conclusion /DO ca4.jas

It has been experimentally proved that distant 5 al0sa
comparisons of frequency standards, through the carrier -. I) 4

of a TV signal can be made with a precision which is
equivalent to a short tern resolution of 40 pa in
time measurement. The possibility of long term
frequency comparison can be contemplated in areas .,. % 0
where TV stations broadcast 24 hours a day. "' Facult6 des Sciences- ORSAv
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Figure 6- Results of the frequency stabilities

measurements betwen distant hydrogen mnasers.Th

dots represent the experimental results which

are consistent with a precision of 40 ps in the

time cca~arison. Curves A and B represent the
frequency stability of the signals delivered by

the mausers used at the 1.4 Giz output and the

5 M41z output respectively.

Figure 7. Phase record between two distant hydrogen masers.
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STUDY OF L.F. AND V.L.F. TIME SIGNALS BY DIGITAL METHOD

F. Guillaume, J.C. LI6vin and J. De Prins

Laboratoire des Etalons de Fr~quence,
Universiti Libre de Bruxelles, Belgium.

Abstract R.F. pulse is to produce on the carrier a delay de-
pending mainly on the phase characteristics of the

A quasi on-line data processing method is proposed filter at the tuned frequency. On the other hand, the
for time comparison and time synchronization by means shape of the envelope will also be affected. As long
of L.F. and V.L.F. signals. The phase and amplitude of as the envelope deformation is small, we can roughly
the received signal is measured and recorded in a suf- consider this as a mere delaying of the envelope.
ficiently short time to allow the use of signal avera- It is clear that both delays - on the envelope and
ging techniques that greatly improve the S/N ratio, on the carrier - are in general different.

Results on LORAN C, M.S.F. (A.M.) and G.B.R. (FSK) Hence, any attempt to interpret absolute E.C.D.
timing signals are presented. Special emphasis is pla- in terms of propagation effects is meaningless when
ced on LORAN C signals. In this case, deconvolution performed directly on the output signal. This signal
techniques may be applied to practically restore the is indeed the result of a convolution between the
signal as it is received at the antenna. Absolute input signal, i.e. the LORAN C pulse as it Is recei-
E.C.D. may thus be interpreted in terms of propagation ved at the antenna, and the impulse response of the
effects. Some examples of decomposition into ground whole receiving system, acting as a filter. Thus,
wave and sky wave components are given, actual measurements on the output signal result from

the past history of the input signal at the measure-
Key words : LORAN C, Time synchronization, Signal ment time, that, because of the delay introduced by

averaging, Deconvolution, Ground wave, Sky wave, F.S.K. the filter, already covers a much longer span.

I. Introduction As an example (Figure 1), let us assume that the
delay introduced by the filter is 25 $s. The deter-

Our laboratory is concerned with time comparison mination of the 30 )s tracking point on the output
and time synchronization by means of L.F. and V.L.F. signal will in fact depend on the events that occur-
signals. We are also interested in sky wave propaga- red during the first 55 -s (30 + 25 JAs) on the input
tion. signal. This means that when the experimenter is

measuring the tracking point, the received signal is
Three types of L.F. and V.L.F. timing signals were almost reaching its maximum. Consequently, at the

studied output, an assumed purely ground wave portion of the
pulse may already be slightly contaminated by a sky

1. LORAN C, a pulsed signal with a spectral bandwidth wave. It follows that a complete understanding of
usually narrower than the reception bandwidth. This the received LORAN C signal and its separation into
very interesting feature enables us to introduce ground wave and sky wave comnonents requires the
deconvolution techniques for the pulse analysis, knowledge of the signal at the antenna. This can only

be done by means of deconvolution techniques.
2. M.S.F., an A.M. transmitter. Here, the reception

bandwidth is smaller than the signal bandwidth. III. Experimental setup
Synchronization difficulties arise from the fact
that the pulse shape is strongly dependent on local A block diagram of the system is shown in Figure 2.
antenna conditions. The experimental setun is composed by a reception

system for the LORAN C signals, a data acquisition
3. G.B.R., an F.S.K. transmitter, and data orocessing system and a timing unit

Since results on M.S.F. and G.B.R. are already pu- Reception system
blished elsewhere (1), (2), (3), only a brief outline
of these techniques will be reported here, and emphasis The LORAN C signals are received by a loop anten-
will be placed on the study of LORAN C signals. na, consisting of a 7 turn coil of 72 cm diameter.

This antenna has an impedance of 511L at ln kHz.
Studies of synchronization signals are often per- The receiver is a 4 pole bandoass Butterworth filter,

formed by means of analogic devices. These procedures tuned to tOO k~lz with a 20 k11z bandwidth. It is com-
are generally cumberson- and rather slow. A quasi on- posed by four BURR-BROWN UAr 21 active filters, used
line data processing methol was developed to measure as specified by the manufacturer (4). A lw no.sr-
ard to record in a few h the -base and the amplitude preamplifier mitches the 500. coaxial line of the
of the received signal. Furthermore, during the ex- antenna to the 100 kft input impedance of the rccei-
periment, a check-up of all the characteristics of the ver. The main characteristics of the receiving sys-
receiver is performed. According to the results of tem are summarized in Figure 3.
this operation, a correction is introduced on the si-
gnal. In the most favorable case (LORAN C), the use of Data aclllsition and data prcp.es a stem
deconvolution techniques enables us to practically
restore the signal as it is received at the antenna. The sample and hold DATm. SI"4-U las ?O rs

aperture time and an acquisition tine of 35 ns for
II. Need of deconvolution a 5 V input step. The analog to digital converter

DATEL G8B3C is of the 8 bit type with a 81() ns con-
It is well known that the effect of a filter on an version time. Control of the data and the sinp

1
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averaging are performed on-line by a 8 K VARIAN 320 1 much more rapidly than H(O), f(t) may be reconstruc-
mini-computer. The D.PI.A. has a 4.4 x 1

5 
bvtes/s ted with a minimum of distortion. In oractice, the

transfer rate. The preprocessed data are sent by a quality of the signal reconstruction will be limited
telex line to a C.D.C. 6600 computer for complete by the noise on H(Y). Hence, to avoid degradation of
processing. the LORAN C signal by the noise on HIN(), the transfer

function bandwidth has to be limited for the recons-
Timing system truction. Thus far, 11(4) is usually defined by means

of 25 spectral lines, ranging from C1.25 kHz to
The triggering pulses for the sampling procedure 118.75 kHz. Figure I0 a shows good agreement between

are generated by a timing unit including a RHODE and a reconstructed theoretical LORAN C pulse after re-
SCIIWARTZ X.S.D. quartz oscillator, synthesizers and duction of the transfer function bandwidth and the
an epoch monitor. The timing unit also produces pul- theoretical pulse itself. From Figure 10 b, it can be
ses of 60 ns duration for the measurement of the seen that the discrepancy in time between the two
impulse response of the antenna-receiver system. This pulses does not exceed 0.75 ,s. Moreover, as the er-
60 ns pulse is emitted by the auxiliary loop (Figure rot introduced by the limitation on the transfer
2) at the G.R.P., between two groups of LORAN C pul- function bandwidth is known, it is possible to take
ses. it into account in further calculations.

IV. Data processing Once the LORAN C pulse as it is received at the
antenna is obtained, we can proceed to the separation

A preprocessing of the data is first performed on- into ground wave and sky wave components. This de-
line on the VARIAN 520 i minicomputer. Next, a more composition is Performed by means of successive sub-
complete processing follows the sending of the pre- tractions of the ideal shape in t

2
e- tsin(wt) (5)

processed data to the C.D.C. 6600 computer, from the corrected LORAN C signal. The parameter A
is adjusted by minimizing the discrepancy between the

The on-line processing of the data on the minicom- ideal leading edge t
2
e
-
lt and the leading edge of the

puter involves the following steps pulse. For the LORAN C received at Brussels, a( has
a typical value of 2/62.5 )Ls. In our analysis, the

1. Sampling of the pulse for an interval of 640 $s subtraction procedure is stopped when the amplitude
at a frequency rate of 400 kHz. of the remaining signal is less than 20% of the ini-

tial amolitude. In the future, more objective crite-
2. Checking the reliability of the sampled pulse. ria need to be defined to stop the subtraction pro-

Pulses not meeting predetermined criteria for ma- cedure.
ximum allowable deformation and noise levels are
rejected. V. LORAN C results

3. Signal averaging. The ground wave and the different sky wave compo-
nents are each characterized by their delay td, phase

Steps I to 3 are repeated until the specified TM and amplitude Ar. The delay is the time interval
number of pulses - usually 400 to 1000 - are averaged, elapsed between the beginning of the sampling window

and the detection of each component. The phase is
For monitoring purposes, the averaged pulse and calculated at the zero crossing times of the carrier,

the last sampled pulse are displayed on a scope. Fi- around the maximum amplitude. The sky wave amplitudes
gures 4 to 7 show typical displays, obtained from are expressed as a percentage of the ground wave am-
different stations of the Norwegian and the Mediter- plitude and are thus relative amplitudes. In Table I,
ranean chains. r.m.s. values of these characteristics are given for

Sylt, situated at 514 km from Brussels, and refer to
The on-line processing lasts about 70 ms. As the results obtained since the beginning of this year.

Norwegian and the Mediterranean G.R.P. are 79.7 and
79.9 ms, respectively, only the first pulse of the Table I
signal is analyzed.

Ground wave Sky wave
The position of the synchronization pulse for the

sampling procedure is adjusted so that the LORAN C Delay td 
0 . 8 0 h. 1.46 Ps

pulse, 3s well as the impulse response, are centered
on the middle of the sampling window. Phase Jitter fM: 15 ns 10) ns

The avurni ,d i ta are sent by a telex line to a Amplitude Ar 2 % 4 %
C.D.C. 6601 computer for complete data processing,
that incluide! tie deconvolutien and the decomposition Since Sylt is the LORAN C emitter nearest to 3rus-
into ground! 'ave ind sky wave components. The decon- sels, most results reported here refer to this sta-

volution nro-,!ire is illustrated in Figure S : the tion.
avcraced pol;ve. -(t), and the averaged Impulse res-
ponso of t ,i: ving system, h(t), are Fourier A typical example of decomposition into ground
rra.,ori ic.i: convolved. The result of the decon- wave and sky wave is illustrated in Figure 11. This
velt ,a iol, te rourier trann;forn' F(3) of the in- example refers to a pulse from Sylt, obtained by ave-
' ut ;i'nil. The L)RA: C nulse, f(t), is rhen easily raging over 400 valid pulses. The deconvolved vulse
'.t iied by tmkinj, the inverse Fviirier transform of is shown above. In the middle, the ground wave is
h(0) . given with a normalized amplitude of 1. The detected

sky wave, shown below, has a relative amplitude of
The s9,ectruri of the theoretical IdOh C pulse, 0.74 and a delay of 57.66 s with respect to the

St(0) an the s-er-trun of the reciving ,-stem, 11(0) ground wave. This delay is consistent with a refle
^
-

are cvrn c, i - ure ). As O(0) in ;olng to zcro tion between 60 and A5 km altitude.
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The decomposition process depends on the knowledge waves in terms of nro'aation effects. They are also

of the exact pulse shape at the emitter. It is unfor- pleased to thank Dr R. Coutrez and Dr ". Scholiers,

tunate that very little information is available in from the Vnlversit4 Libre de Bruxelles, Belgium for

the literature. For instance, we do not know what the their interesting discussions on the LOWLA C oulse

phase variation is during the decaying of the pulse. shape. Finally, they ap'reciate the help of their
colleagues, Dr J.L. fuisset, Dr G. Corn~lissen, R.

However, the decomposition method may be applied Detrie and J.P. Lechien during the realization of the

in more complicated situations, where multiple sky exneriments.

waves are present, as shown in Figure 12. In this
pulse, received from Sylt on March 6, 1977 at 2300, References

three different sky waves were detected. The validity
of the decomposition may be determined by the cons- (1) J. De Prins, "Timing Systems", E.L.r. - V.L.F.
tancy of the phase in the last residual impulsion. Radio Wave Propagation, edited by J.A. Ifoltet -

Such a configuration can be expslained by single and NATO Advanced Study Institutes Series C, on. 3S5-

multiple reflections at 60 and 90 km altitude. 39q, 1974.

VI. 1I.S.F. and G.D.R. results (2) J. De Prins, R. Detrie, J.L. Guisset, F. Guillaume,
"Time Pulse Measurenent by Digital Method", Proc.

The same experimental setup developed for the of the second Cagliari International 'eeting on

LORIALI C signals may be used for the study of A.M. and Time Determination, Dissemination and Synchroni-

F.S.K. time signals. In these cases, the signal band- zation, pn. 151-164, 1975.
width is larger than the -receiver bandw~idth. lience,

deconvolution techniques may no longer be applied. (3) "Etude Dar 14thode Digitale des Signaux 11oraires

Therefore, appropriate methods for the analysis of a D.F. et T.B.F.", Document Corinission d'tude du
A.M. and F.S.K. signals were developed. CCIR, p~riode 1974-1978, document 7/9-F, 20 octo-

bre 1975.

1. A.. signals (n.S.F.) (4) Burr-Brown, Application Note 61, July 1973.

In this case, the pulse shape is strongly depen-

dent on local antenna conditions. It is also influen- (5) C.E. Potts, B. Wieder, "Precise Time and Frequen-

ced by the variations of the transmitter characteris- cy Dissemination via the LORAk C System", Proc.

tics. However, reproducible measurements may be ob- IEEE 6), 5, op. 530-539, May 1972.

tained by defining a "characteristic point" at F5%
of the mean amplitude (6). During 24-hour intervals, (6) D.11. Andrews, C. Chaslain, 3. De Prins, "Reception

the r.m.s. error due to propagation and emission con- of Low Frequency Time Signals", Frequency 6, 9,

ditions is of the order of 20 Ps. Fluctuations of pp. 13-11, 1968.

the order of 50 ks are observed during one-year pe-riods. "(7) R.R. Stone, T.H. Gatus, T.N . Lieberman, "Utiliza-
tion of F.S.K.", Time Proceeding of the Fourth

2. F.S.,.. signals (G.B.R.) Annual NASA and Department of Defense - Precise
Time and Time Interval Planning Meeting, pn. 324-

F.S.K. is obtained by a commutation between 16 kHz 344, 1973.
and 15.95 kHz (7). The commutatioe is made when thephases of the two frequencies are both* zero. This (8) B.E. Blair, "Time and Frequency Dissemination, an
hases ofthe two freOverview of Principles and Techniques", ch. 11) of
happens e-ery 50 ma.

N.B.S. "MonoRraph 141, pp. 233-313, May 1974.

Due to the short distance (420 km) that separates
our laboratory from the V.L.F. transmitter, interfe-
rences between ground wave and sky waves occur. Con-
sequently, the results :.ay be difficult to interpret
(8). During day-time, the r.m.s. error obtained on
the measurement of the time keying is of the order
of 20 )x altbou,, the F.S.i. emission from G.B.R.
is not primarily inte J-:d for time dissemination (3).

Vii. "onclusions

The digital methol rosently described is particu-
larly well suited for time svnchronization. Averaging
and .;rocesfio iiidecd -ernit a better precision.
Large volumes of infor: [o-' caa he verv easily pro-
ceased and i)ro, ralmn ati , rsati it,. i 1 ,s , with the
L,11: , lip O:ilt, P'-aSi:r c: n si ,n ]. '; diffceri, t

_ I , , l ;: 1. t: ftp -% tthe pro-
c:dirz, i:; rmde operationI, 1 cottliTmk; and auito-
natir 7 roc;::lng we' nrilTlic with t:- 'wIlT of
a ri ix' ropes-or.

The au'!.'r, are ,ra*c-ul to Dr L. I;oss', from the
S

.1ouv.in. 3e, Iu for hi: advice in the
tnt, r lr- .Li, n of del a" 1, .'wee-i the different sky
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FIUE 1IGR

FIGURE 6 FIGURE 7

Firu~res 4 to 7.
These figures show differenit LORAM. C nulses of the Norwevian and the
MIediterranean chains, after the sani-iing and the averagirg.4 The right pa~rt of each figure is the nulse as it is saned. The result
of the averaging, of the last ntilse tith the nreviouF ones is shown on
the left nart of the figure.

Figure '; YLT (Norwegian chain - 5114 km from Brussels)

Fipure 1EJDE (Master of the Jorwefian chain - 11,51~ lm from Brussels)

Figure ( ACR(Norwegiani chain -2?V0 kr,. from 1Brussels)

Ff! tire 7 L'TiEfltSA (Ne,,iterrancean chain - l"2') I:r from BruqselO)
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DECONVOLUTY. FIGURE 9. Comparison of the transfer function H(4)
of the receiving system and the spectrum of A

FIGURE 8. Deconvolution procedure. h(t) is the impul- theoretical LORAN C pulse.
se response of the antenna-receiver system.
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FIGURE 10.
l0a. Good agreement between the leadinpw edge of a theoretical LORAN C

pulse and its reconstruction with 25 spectral lines.
10b. Discrepancy in time between the theoretical and the reconstructed

leading edge.
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DESIGN OF A SPACECRAFT HYDROGEN MASER*

Edward S. Sabiaky
RCA David Sarnoff Research Center

Princeton, N.J. 08540

and

H. E. Peters
Consultant, Previously with

NASA Goddard Space Craft Center
Greenbelt, Maryland

Introduction ure 2. The details of the various component parts of

the clock are given in a later section. The basic

Under a program to develop a very stable clock for features of our design are:
the NAVSTAR Global Positioning System (GPS) satellite,
several designs using the hydrogen atom, have been con- (a) Standard low pressure vessel for storage of
sidered. These include the passive resonance and the molecular hydrogen;
active oscillator as well as various cavity mode and (b) A palladium-silver purifier and valve;
storage cell configurations. A design has been chosen (c) A capacitively RF coupled dissociator using
which uses the hydrogen maser principle. The philoso- a pyrex bulb having an ion-depleted inside surface;
phy has been to achieve a high performance in fre- (d) The collimator consists of a single 0.0127 cm
quency stability and, where possible, to use design diameter hole in 0.1016 cm thick glass wafer;
approaches which have been proven by experience with (e) A small quadrupole state selector;
long term operation in ground based hydrogen masers. (f) A cylindrical storage cell of thin film FEP
This approach is feasible while still satisfying the teflon;
size, weight and power restriction required by space (g) A microwave cavity consisting of a molybdenum
craft. The main objectives are to achieve a stability cylinder with aluminum end plates;
of better than I part in 1014 for averaging times be- (h) Fine tuning of cavity done by thermal expan-
tween 100 seconds and 10 days and to have a weight less sion;
than 90 pounds within a space of 15 inches (38 cm) (i) Magnetic field coil with trim coils on both
diameter by 30 inches (76 cm) long. In this paper, the ends;
design of the spacecraft hydrogen maser will be pre- (j) Two vacuum chambers;
sented and test data on completed components will be (k) Four magnetic shields;
given. (1) Two secondary temperature isolation ovens;

(m) Degaussing capability.

Overall Description, Design and Performanc With the design features given above, the theo-
retical performance parameters of the development model

The atomic hydrogen maser(l) is a conceptually of the space clock are:
simple device as shown by the block diagram of Fig. 1.9
Molecular hydrogen is purified and enters a glass (a) Line Q 5.5x109

chamber where it is dissociated into atoms of hydrogen (b) Loaded cavity Q 5.5x,0
4

by an RF discharge. Neutral atoms of hydrogen emerge c Qc 5
from the glass discharge chamber through a small aper- (c) Cavity pulling factor I x 10
ture (collimator) and then pass through a magnetic 9.
state selector. In the state selector, undesired (d) Beam threzi.old flux for l.ixl 

1
1 atoms

atoms are defocused while the desired atoms (atoms in oscillation sec.
the two higher energy states) are focused to pass into (e) Net beam flux - 6 9.tUxlU

11 
atoms

a large storage cell which is located in a microwave Ith sec.
cavity. Due to maser action, the atoms in decaying to (f) Power delivered by H-atoms -13
a lower energy state emit radiation at a well defined at 6 5.3x1 watts
frequency near 1.4 GHz which is then coupled out of 

1
th

the cavity and can then be processed to match the user (g) Short term atability 2.xl0
13

/T.
requirements. This is a simplified version of the (0.1 T s 102) T in sec.
clock and an actual hydrogen clock must include mag-
netic and thermal shielding, magnet field coils, (h) Long term stability f , 10-14

vacuum enclosure, pumps and various electronic con- (10
2  

T 5 106) f
trol systems. (i) Perturbing noise level .fA -15O

The design presented in this paper is primarily 
(102 < T < 104) f 90xl01/AT

intended for an advanced development model of a clock (j) Spin exchange parameter "q" 0.05
for use in the Global Positioning System. Our princi- (k) Transverse shielding factor 130,000
pal philosophy is to build a reliable, long-lived clock
having a stability of at least I part in 1014 while (1) Axial shielding factor: passive 3U,000
meeting the stringent environmental requirements for active >105

space travel. In order to meet the system require- (m) Molecular hydrogen con- 0.02 moleslyear
ments, the weight of the clock must be less than 90 sumption
pounds and must fit within a volume of 38 cm (15 inch-
es) in diameter by 76 cm (30 inches) long. The designis largely based on research results of NASA GoddardL 2) Apart from self-explanstory term, the parameters above

are: I is the net beam flux (the difference in the
A cross sectional view of our design is shown in Fig- flux of atoms entering in the higher energy state of

the maser transition and the lower energy state); Ith
Work supported by the office of Naval Research under is the threshold flux for oscillation to occur provid-
Contract N00014-75-C-1148.

610

A _______________________________________________________________



ing spin exchange is neglected; q is a quality factor Dissociator and Collimator
of the clock, see D. Kleppner; et al(

3
) for further

definitions. The predicted performar:e of the clock is Molecular hydrogen is converted to atomic nydro-
given in Figure 3. gen in the dissociator. The most popular form of dis-

sociator is a glass chamber in which a gaseous dis-
charge is maintained. The discharge is driven by an

Component Design Description R.F. field having a frequency near 11u MHz. The radio

frequency is coupled to the plasma either inductively
Molecular Hydrogen Supply or capacitively using external electrodes. Molecular

hydrogen is dissociated by collisions with hot elce-
The hydrogen supply in all ground-based hydrogen trons in the plasma. The hydrogen atoms formed dif-

clocks is a cylinder with a volume of about 1-liter and fuse towards the wall where they may recombine. Due to
the gas at a pressure of 100C psi. In the space probe the low probability of recombination, a high density
maser(

4
) developed by the Smithsonian Astrophysical of atomic hydrogen is built up in the discharge cham-

Observatory (SAO), the hydrogen supply consisted of ber. Hydrogen at a steady state pressure, typically
about 70 grams of LiALH 4. When heated, the LiALH4 re- O.05mm, is maintained in the discharge chamber by
leases hydrogen at a rate controlled by the tempera- suitably controlling the palladium leak valve. The
ture of the material. In this design, we intend to use atomic hydrogen beam exits through a small hole or
a pressure vessel with a volume of 0.4 liter and the holes (collimator) in the wall of the glass chamber.
gas at 300 psi. This corresponds to a storage of 0.4
mole of molecular hydrogen and with a hydrogen consump- Both the discharge condition and the surface con-
tion rate of 0.02 moles per year, the hydrogen would dition of the wall are important in order to optimize
last 20 years. This type of storage is simple and re- the dissociator performance. The discharge determines
liable and does not require any preparation of new the power requirements to obtain a certain dissocia-
materials. The container weighs about 453 grams (I tion rate. The wall determines the recombination rate,
pound) and occupies a space of 500 cm

3
. Thus the only which critically depends on wall temperature and on

disadvantage in the above approach is size. If the wall contamination. The discharge plasma and the wall
size becomes critical, a metal hydride can be used for interact and thus optimization must involve considers-
the storage of hydrogen. There are a number of metal tion of both.
hydrides( ) which can be used and some testing is need-
ed before final selection. The candidates are depleted A sketch of the dissociator design and its metal
uranium metal, the LaNi 5-H system and LiALH 4 . For ex- housing are shown in Figure 7. The glass bulb is
ample, 100 grams of uranium metal would adequately sup- typically 6.3 cm (2.5 inch) in diameter and 7.1 cm
ply the needed molecular hydrogen while occupying a (2.8 inch) long. The frequency is around 110 MHz, the
space of 5-10 cm

3
. For the depleted uranium metal, the total dc power required for the electronics is 11

pressure P(mm) of the hydrogen at a temperature T is watts, and capacitive coupling is used. We have three
given by complete dissociator units made from different glasses

104" for the bulb under life test. The three bulls are:
P = 1.6x109 exp [-1.027 x -T pyrex 7740, fused quartz, and ion-depleted pyrex 7740.

A photograph of an operating unit is shown in Figure 8.
Purifier/Valve

The dissociator life test system with the pyrex
The purifier to be used consists of a solid metal- bulb has been operating continuously since August 1976

lic pellet alloy of 75% palladium and 25% silver which with no measurable degradation in performance and neg-
reqtricts gas flow through a small tube. The pellet ligible coloring of the glass. The test units with
permits hydrogen diffusion while blocking all other quartz and the ion-depleted glass bulb have been oper-
matter and the rate of hydrogen diffusion is controlled ating continuously since February 1977. [Ion-depletion
by the temperature of the alloy. The mechanical assem- is a process that removes mobile ions from the surface
bly shown in Figure 4 is relatively easy to fabricate of a glass by the application of an electric field to
and process. The incorporation of the copper sleeve a "blocking" anode at temperatures of a few hundred de-
improves thermal conductivity and welding. The grees centigrade. A "blocking" anode is one that does
copper-stainless steel joints need no special prepara- not inject ions into the glass and this anode must
tion for brazing and the copper-copper and copper- allow oxygen to evolve from the glass surface.] Using
pellet surfaces can be very readily brazed together. optical detection of the atomic hydrogen lines as a
The temperature of the pellet is varied by a resistance . measurement tool, we find only small differences in the
heater wound on the copper sleeve. A temperature of intensity of the atomic hydrogen lines between the
about 75"C is needed to achieve a pressure of 0.05mm three units. The temperature of the pyrex bulbs with-
in the dissociator as shown in Figure 5. out any cooling is 90*C while that of the quartz bulb

is 980C. However, the electronic circuit was optimized
Pressure Control only for the pyrex bulbs. Both pyrex bulbs ignite

without the use of a separate eimwtation circuit. The

The pressure control/gauge is simply a thermistor quartz bulb ignites but is more sensitive than the py-
having a small thermal inertia. The thermistor sensor rex bulbs. From spectroscopic tests, we find that the
is placed in a copper block whose temperature is held optical intensity of the atomic hydrogen lines are sub-
constant by a separate sensor which controls a heater stantially more intense than the molecular hydrogen
wound around the copp.cr block, thus ensuring that the lines (see Fig. 9). We have found that increasing the
pressure sensor Is in a constant temperature environ- pressure causes the atomic hydrogen spectral intensity
ment. The pressure sensor is part of a bridge circuit to decrease and increasing the temperature of toe bulb
in which the eaf of the sensor is compared to an ad- causes a decrease in the atomic hydrogen spectral
justable reference voltage in order to establish the intensity.
heating current for the palladium-silver leak and thus
maintaining the source pressure at the desired level. We intend to use a pyrex bulb in our demonstration
The response of the pressure regulator to steps in the model with an ion-depleted surface. The dissociator
reference voltage is shown in Figure 6. assembly will include an optical monitor for optical

monitoring of the atomic hydrogen Baler n-line 65631.
The collimator will consist of a single 0.0127 cm di-
ameter hole in one end of the glass bulb.
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State Selector have an applied field of 0.5 to 1.0 milligauss. The
applied field is normally generated by passing current

The maser criterion requires that the number of through a solenoid whose axis coincides with tnat of a
atoms in the upper energy state be larger than the TE011 cyiindrical cavity. The stability requirements
number of atoms in the lower .nergy state. This is an of the current source is a function of tne applied field
abnormal condition and certain techniques must be em- strength. For example for a stability of 1 part in
ployed to reach this non-equilibrium population distri- 1015 at a field of 10-

3
G, the required current stabil-

bution. The hydrogen atoms as they emerge from the ity is 0.025% while at an operating field of 10-
4 
G the

dissociator bulb would have a normal Boltzmann popula- required stability is only 2.5 %. Thus the stability
tion distribution of atoms, i.e., the lowest energy of the current supply for the solenoid is not a prob-
states would have the largest number of atoms. Becau'e lem. Furthermore, the lower the applied field, the
the operating temperature is high, the four lowest smaller is the effect of the field (current) fluctuations
energy states are essentially equal in population. The on the clock frequency. This is seen from the rela-
function of the state selector is therefore to filter tionship between the maser frequency f, and the mag-
out the lowest energy state atoms and allow the atoms netic fiei H, given by
in the'higher energy states to reach the cavity. Thus, 3 2
the state selector maximizes the flux of the atoms in f = f + 2.75 x l0 H
the upper state delivered to the cavity while blocking 0

or minimizing the number of lower state atoms reaching where f. zero field hyperfine splitting frequency in
the cavity. Hz and H is the applied magnetic field in Gauss.

In the past, two types of magnet designs were em- A more difficult problem arises due to the fluc-
ployed; the hexapole design which has a quadratic vari- tuations of the ambient magnetic field if not properly
ation of field strength with radius from axis and the shielded. The earth's field is typically U.5 gauss ano
quadrupole design which exhibits a linear variation of urban magnetic noise in the frequency range of U.l to
field strength with radius. Both types of units have 100 Hz is typically 10-2 gauss. There are stray mag-
been successfully used in operating ground based clocks. netic fields from components sucn as Vac-lon pumps and
The design of the units have also improved with time some external electrical equipment are also a source of
and are now more efficient than the older models. magnetic field fluctuation. On ground basea clocKs,

magnetic shielding has been accomplisned by using static

From analysis and from the experiments of b. ferromagnetic shielding. Three nested shields nave been

Peters at NASA GSFC with state selectors of differing used, four, five and six shields. Snields of various
lengths, bore diameters, field strength and with and thicknesses and shape factors have also been employed.

without stopping discs; the quadrupole design was The processing of the material is very important and
shown to have an advantage over the hexapole design. there always remains some remnant magnetization in cer-

For example, the quadrupole does not require a stop on rain darts of the material. Although the magnetic

the beam axis as required by the hexapole to interrukt shielding-problem is difficult for ground-based clocks.
on-axis atoms with zero transverse velocity. The it is grossly exaggerated in clocks for space applica-

transverse magnetic deflection force exerted by the tion because of the weight factor, It would not be

texapole is zero on axis while that of the quadrupole surprising if the weight of the magnetic shields were

is constant with radius. The quadrupole design has to constitute about 35% of the weight of the space
greater gaps between poles and provides higher pumping maser.

speeds for the unfocused hydrogen. The quadrupole de-

sign is simpler and easier to make--four versus six In our analysis of the magnetic shielding of the

poles. advanced development model of the space clock, it was
clear that a trade-off between weight and shielding is

We have designed a small quadrupole state selector necessary. We have made calculations on a numoer of

which will be used in the maser now under construction. different configurations of shields. uur snielding e-

The design is simple and employs soft iron for the sign consists of four shields with each shield having

cylinder and for the pole tips (see Figure 10). Four a thickness of 0.063 cm (a standard tnicrness) and the

rectangular permanent magnet pieces are placed be- material is *-79 moly-permalloy.
(b

) The transverse

tween the soft iron cylinder and tips. The permanent shielding factor is 13U,000 and the axial snieloing

magnetic material is rare earth-cobalt, a standard item factor is 3U,UO as snown in Figure 11. ine operating

which can readily be purchased. The material nas an maser would then nave a calculated sensitivity to ex-

energy BH product of 12 million gauss-oersted and the ternal magnetic field fluctuations of

design will give a minimum of 10 kilogauss at the max-

imum field position. The unit has a diameter of 3.8 cm Lf = 55U0 z

and a length of 3.2 cm with a bore diameter of 0.05 cm. T o ST Fext

The weight of the unit is 0.8 pound (362 grams) and

occupies a volume of 36 Cm
3
. This design of the state where f. is the maser frequency; Hz is the applied mag-

selector permits a distance of 8.25 cm between the netic field, SA is the axial shielding factor, and

state selector exit and the entrance to the cavity. iHext is the cnange in the external field. For
H, = 0.5 milligauss and SA - 30,000, the sensitivitv is

Magnetic Field and Magnetic Shielding b.5x0
- 1 4 

Gauss
-1

. Thus static shielding alone without
adding appreciably more shields (weight) would be ado-

The ground state energy levels of atomic hydrogen quate for variations of 0.1 gauss or less. Further im-

are such that the two lowest energy states character- provement of the shielding and/or to reduce weight re-
ized by the quantum labels FlI and F=0 are not degen- quires investigation of methods using dynamic shielding.

erate even at zero magnetic field. The ground state
energy levels have a zero field splitting. It is pos-
sible therefore to theoretically operate a hydrogen Storage Cell

maser in zero magnetic field. This raises the prac-

tical problem of achieving essentially zero field which The basic reason for the inherent higher fre-
is exceedingly more difficult than operating at some quency stability of the hydrogen cloak over the cesium
finite magnetic field. Therefore, masers operate with beam clock is that the line Q (frequency divided by

applied magnetic fields which are somewhat larger than resonance width) for the hydrogen clock is typically

the background noise level. Practical operating masers 100 times that of the cesium clock. A typical reson-
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ance width of 250 hz is obtained for the cesimri beam made using an overlap heat seal in the arrangement
while a one Hz width is usual for the hydrogen atoms, shown in Figure 12. In this fixture, the Teflon filr
The high line Q or the narrow resonance line for hydro- is held between two pieces of fused quartz plates. Tuo
gen is due to the lorg interaction time of the hydro- nichrome beating strips are placed on the quartz plates
gen atoms with the microwave field. In the advanced and the strips are held in place by two aluminu. plate.
development model of the clock, the storage cell has a which have one side bonded with synthetic mica u.,5 cM
volume of 6.6 liters. The atom enters the bulb with a thick. Two weights of 24 lbs. each are used to apply
velocity of 2.6 x 105 cm per second, bounces around pressure to the unit with a pressure of about one psi
approximately 20,000 times and after about a second on the Teflon. A thermocouple (Chromel-Alumel) is
departs. The average distance traveled between wall placed midway in the fixture and about 0.0 cm from one
collisions is 12 cm and the hydrogen atom travels about of the heating strips. The thermo couple is used to
a mile even though it is contained within the volume of monitor and establish the conditions necessary for a
a single mode cavity. In order to achieve a narrow good seal. A simple procedure for obtaining good seals
resonance width or long lifetime for the hydrogen was developed. With the Teflon in place, the variac is
atoms, any perturbations of the atoms must be kept to turned up until the current meter reads 50 amperes and
a minimum. There are a number of effects which can be after about 50 seconds or more accurately when the
considered and the most important is that of the effect voltage from the thermocouple read 3.1 mV (' 70C) the
of wall collisions. The wall collisions can be divided variac is turned down. In a separate experiment, it
into two categories: adiabatic and nonadiabatic. In was established that the temperature at the Teflon
an adiabatic collision the hydrogen atoms interact joint was 257C at the time the variac was turned down.
elastically with the walls and a small change in the If the temperature at the bond was lower, tme seal was
energy levels (or frequency) always occurs. In the poor and easily came apart. If the temperature is too
nonadiabatic, the atom is effectively lost either by a high, bubbles formed and the Teflon stuck to tne quartz.
change of state or by chemical reaction with the sur- The conditions for sealing were similar for both tne
face of the wall. Thus the surface of the storage cell 0.0025 and 0.0051 cm thick films.
is of primary importance to the stability, accuracy and
reproducibility of the atomic hydrogen clock. Cell Assembly. A simple aluminum frame (see Fig-

ure 13) is made consisting of two aluminum rods and two
In just about all of the present operational aluminum plates. The inside dimensions of the frame

clocks, the storage cells are fabricated by making a should be large enough to enclose the cell and also to
cylindrical or a spherical container from fused quartz allow working space at both ends. Two aluminum end
and then coating the inside surface with an appropriate plates are fabricated which hold the Teflon film and
coating. Measurements of the quality of the wall coat- eventually become part of the microwave cavity. A
ings are very difficult to make but it has been es- round aluminum rod is attached to each end plate to
tablished by experiment that teflon-like materials are hold the cell to the frame. These rods are removed
the best coatings and one form or another of teflon are when the cell is attached to the cavity. Teflon film
used in all operating clocks. In our design, we in- of 0.0025 cm thickness is placed over one side of the
tend to fabricate the storage cell from pure teflon end plates and the film Is brought to the opposite
film(

7
) having a thickness of 0.0025 or 0.0051 cm. The side, stretched and held in place by a metal ring. The

film bulb storage cell has a number of significant ad- open-ended cylinder of Teflon film is now placed over
vantages over the teflon coated quartz cell. 1) The the end plates and both ends of the cylinder are worked
teflon film is homogeneous and does not contain holes carefully until the shape of the cylinder is satisfac-
in the coating as one usually obtains when coating a tory. The Teflon film at the cylinder ends is now
quartz cell. The hydrogen atoms interacting with the clamped to the metal end plates by another metal ring.
quartz surface significantly reduces the lifetime. The first metal ring that was attached to hold the film
2) From measurements(

8
) made at NASA-GSFC, the hydrogen covering the face of the end plates can now be removed

atoms are affected less by the film surface than by the and excess Teflon removed. The length of the cell
coating deposited on the quartz. This means a smaller should be some predetermined distance less than tne fi-
frequency shift or correction due to the reaction with nal length to be used in the cavity. To maintain a
the walls. 3) The cells made from the film should be rigid cylinder, the film-cylinder should always be in
very reproducible. 4) The film cell has a much smaller tension and about a 10% elongation of the length for a
perturbation on the cavity frequency than the coated- film thickness of 0.0025 cm is satisfactory. Measure-
quartz cell. The shift of the cavity frequency by a ments were made of the tensile stress in the film as a
0.0025 cm thick film has been measured to be 270 kHz function of time after an initial stress of 1870 lbs
compared to 60 MHz for a typical quartz cell. This per square inch (psi). The data indicates that the
means that the cavity, and therefore the clock fre- tension stress would be 800 psi after 10 years.
quency, is much less susceptible to changes in the
cell caused by mechanical or temperature effects. Escape from the Storage Cell. The stem (entrance
5) The teflon-film cell is naturally less susceptible collimator to storage cell) determines the lifetime of
to breakage than a quartz cell. 6) Since the frequency the atoms due to the probability of the atoms escaping
perturbation on the cavity is much smaller for the from the cell. The escape rate of atoms from the cell
film-cell, the cavity need not be fabricated for each yo is found by equating the incident beam flux with the
cell as is done for quartz cells. 7) The cost of the emergent flux NKvAe/4 where N is the density, v is the
film cell is much cheaper and can be readily made with- mean velocity, Ae is the area of the stem and K is a
out special glass blowing techniques. 8) The diffi- factor depending on the geometry of the stem. If the
cult step of uniformly coating the inside surface of a volume of the storage cell is Vb, then the storage
quartz cell is eliminated by using the film-cell, time Tb is determined by

Fabrication of Storage Cell. "Teflon" is the T 4V1
registered trademark of the DuPont Company for its b vA eK

fluorocarbon resins. FEP "Teflon" resins are tetra-
fluoroethylene-hexafluoropropylene copolymers, usually For a cell size Vb of 6.69 liters, v - 2.6xlO cm per
fabricated by melt extrusion or injection molding. sec, K - 0.1367 and the diameter of the exit hole of
FEP type "A" film of 0.0025 and 0.0051 cm thickness 0.635 cm, Tb - 2.4 seconds. Therefore if all other
was purchased from a DuPont Company distributor. The relaxation mechanisms were not important, the lifetime
premium grade type "1" film is not available in thick- of the hydrogen atoms in the cell would be limited by

neasei less than 0.0127 ca. An open-ended cylinder was
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the exit aperture and length of the stem and the life- f-f f -f 0 c
time for this design is 2.4 seconds. In which case, --

the maximum Q, - f7T6 - 1010. 0 fo Q£

Microwave Cavity where Qc is the cavity Q and Q if the line Q of the

Qc
atomic hydrogen. The smaller the ratio -, the less

The microwave cavity design is a critical compo-net hcoc eause ()he cavity i tica cm sensitive is the oscillator frequency to change, in the
nent in the clock because: (1) the cavity must have a tieumoecvy
sufficiently high Q (low losses) in order to achieve cavity frequency. Typically for a TEn11 mode cavityq Sl9  Q l- ae(9)maser operation; (2) the stability of the clock, par- Qc=50,O00 and or , In one

ticularly the long-term stability, is strongly coupled m
to the frequency stability of the microwave cavity- anTElt mode hydrogen maser resonant cavity was built
storage cell combination; (3) for space craft systems The measured values were sl-

27
,
000 

and t a8x
8
.

where size and weight are important factors, the size The maxium line Q realizable should vary as the cur-
and weight of the clock is to a large extent determined face to volume ratio of the cell, which for typical
by the size of the cavity. TEll I mode designs is about one-half that of the TE0o 1

design. Also, a shift in the cavity frequency of 1.4

There are two different modes of operation of the Hz results in A- - lxlO
-14 

for - lx10
-
'
.

clock; namely, active and passive modes. Since the fo

cavity requirements are very different for the two
modes, and our design uses the active mode, this dis- and tested in the past. In one design 1), the cavity
cussion on cavities will only be directed to the active is made using a dielectric like Cer-vit which has a
mode. In this mode of operation, two different elec-trical designs of the cavity have been proposed and very small thermal coefficient of expansion and the in-
usecad. signs (1) A tcyl cavity using he pro mo de side surface is copper or silver plated. In the otherused. ( ) A cylindrical cavity using the TEO,, mode design(l

1
), the cavity is made from a metal such asaned cavityug the TE11 mode .have Tgher cvtes n aluminum which has a rather large thermal coefficient

designed for the TE011 mode have the higher Q (the un- of expansion. The large coefficient of expansion is
loaded Q for a copper surface is 80,000 for the TEO11  utilized for fine tuning of the cavity. In Table I we
compared to 33,000 for the TEll1). The TE1 I1 mode
cavity(

9
) in this application requires that a septum give the properties of the cavity and the storage cell

made from a material like teflon be positioned to di- as they relate to the temperature stability require-
vide the cavity into two parts. The septum is neces- ments of the cavity structure to achieve a clock sta-
sary because of the RF magnetic field configuration bility of at least 1 x 10-14. Based only on this cri-

sarybecuseof te R maneti fild onfiuraion terion, one should use a cavity made from a material
which makes it necessary that the hydrogen atoms in wih a smal l her a cfit o ain eucaa

one-half of the cavity do not travel in the other half with a small thermal coefficient of expansion such as

of the cavity. For an ideal system, the hydrogen atoms Cer-vit combined with a very thin teflon storage cell.

should be located in the cavity where the RF magnetic However, the stability of the cavity due to temperature

field direction is parallel to the applied DC magnetic changes is only one of a number of factors to be con-

field direction. The RF magnetic field configuration sidered and evaluated. The mechanical design is very
for the TEO,, is more suited to the above requirement important and a difficult to measure parameter like the
forn the magneti morefited onfigtio n the above redimensional stability(1

2
) of the material being usedthan the magnetic field configuration for the TEll I .  must be evaluated.

The spin exchange parameter "q" of the clock is typ-

ically q='0.O for masers using the TE011 mode cavity
while a q 0.16 is expected for masers using the TE 11  o There are a number of factors rc ating to the use

mode cavity. Since maser threshold requires a q-0.172, of dielectric cavities which can be identified. (1)

the masers using the TE111 mode cavities are not far Copper or silver plating of about 0.0025 cm thick is

from threshold and thus become very susceptible to required on dielectric cavities and thin spots and/or

ageing of material and environmental changes. The holes in the plating are common. Thin areas of plating

singular advantage of the TE1 11 mode cavity is its size or holes permit electromagnetic coupling between the

which is inherently smaller than for the TE011 mode cavity and the external environment. (2) The low ther-

cavity. A typical size cavity for the TEll1 mode is mal conductivity of suitable dielectrics can result in
15 cm in diameter by 15 cm long while for the TEoI1  temperature gradients along the cavity. (3) The low
mode the length is 28 cm and the diameter 28 cm. How- tensile strength of most dielectrics makes the cavity

ever, a smaller cavity means a smaller storage cell ceptible to breakage during fabrication and pro-
which means a larger wall shift and a lower line Q and cesing. (4) The material is expensive and so is the

therefore a reduced stability of the clock. For these cost of fabrication. (5) The fine tuning must be done

reasons and particularly because of the many years of by adding on additional coupling loop to the cavity.
experience using the TE01 1 cavity compared with only
very recent laboratory operation of a single clock with The factors relating to the use of metal cavities

mode cavity, the cavity design using the TE111  can also be identified. (1) The plating is not criti-TEll oecviy h ait einuin h 1 l cal and a sufficiently high '4 can be achieved without
mode is not being seriously considered at this time.

In addition, we feel that reducing the cavity size of plating. (2) A metal such as aluminum or molybdenum
by various techniques is more has high thermal conductivity and relieves the problem

promising than the use of the TE111 mode cavity. of temperature gradients. (3) The strength of the
metal cavities is very high and breakage due to hand-

The long term stability of the clock is strongly ling or shock is not a problem. In fact, the metal

correlated with the stability of the cavity-storage cavity for a given cavity design lends itself to a

cell system. The problem is summarized by noting that light weight structure. (4) The cost of fabrication

the fraction of the atomic resonance linewidth by is considerably cheaper than a corresponding dielectric

which the maser is "pulled" by a mistuned cavity is cavity. (5) Thermal tuning can be used to fine tune

identical to the fraction of the cavity linewidth by the cavity and control the cavity resonance. (6) The

which the cacity is mistuned. The shift of the oscil- relatively high thermal expansion coefficient for alu-

lation frequency f from the true resonance frequency minum or molybdenum compared to the dielectrics re-

fo by a cavity tuned to a frequency fc is quires a higher temperature stability for the metal
b tcavity structure. It has been demonstrated(1

3
) for an

aluminum cavity that the average untuned linear drift
rate of the clock, due to the cavity drift, among the
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NASA-GSFC NP masers is only 5x10
15 

per day. T.us for 2. H. E. Peters, T. E. McGunigal and E. H. Johnson,
applications of a few weeks or less which is one of the "Hydrogen Standard Work at Goddard Space Flight

specifications for the GPS system, auto-tuning isn't Center," 22nd Freq. Cont. Symp., USAEC, Ft. Mon-
required for metal cavities except perhaps to help in mouth, NJ, 1968; Harry E. Peters, "Characteristics
the initial frequency setting. of Advanced Hydrogen Maser Frequency Standards,"

Goddard Space Flight Center, Preprint X-524-74-15.
By considering all the factors in the cavity de-

sign, we decided to make the cavity out of molybdenum 3. D. Kleppner, H. C. Berg, S. B. Crampton, N. F.
and the storage cell from 0.0025 cm thick teflon film. Ramsey, R. F. C. Vessot, H. E. Peters and J. Vanier
This cavity-cell structure is best suited to meet the "Hydrogen-Maser Principles and Techniques," Phys.
stringent requirements placed on a space clock. We Rev. 138, A972 (1965).
have made the cavity using a molybdenum cylinder which
is attached to aluminum end plates by heat sweating. 4. R. F. C. Vessot, et.al; "Spaceborne Hydrogen Maser
The cavity design is 40.6 cm long by 26.7 cm in diam- Design," Proc. 8th PTTI Meeting, NRL, Washington,
eter and the present structure weighs 15 pounds (6.8 DC, 1976.
kilograms) with significant potential for a lighter
cavity. The measured unloaded cavity Q for the struc- 5. W. 4. Mueller, J. P. Blackledge, G. G. Libowitz,
ture without plating is 42,000. The measured unloaded "Metal Hydrides," (Academic Press 19b8). H. h.
cavity Q for a similar all aluminum structure unplated VanMal, K. H. J. Buschow and A. R. Miedema, "Hy-
is 50,000. The copper plated molybdenum-aluminum cay- drogen Absorption in LaNi5 and Related Compounds,"
ity structure has a measured unloaded Q of 60,000. The J. of Less-Common Metals, 35, 65 (1974).
thin film storage cell can be inserted into the cavity
without disassembly of the end plates.L (See Figure 14 6. Allegheny Ludlum Steel Corporation, Lamination
for photograph of cavity.) The large U (length to Division, River Road, Brackenridge, PA, 15014.
diameter ratio) of 1.6 is desirable when high perform-
ance in stability is the goal. For space applications 7. E. I. Dupont de Nemours & Co., Plastics Department,
were size and weight, in addition to the clock per- Fluorocarbons Div., Wilmington, Delaware, 19898.
formance, are important parameters; a trade-off between
clock performance and size and weight will have to be 8. Victor Reinhardt, "Variable Volume Maser Tech-
made. niques," Proc. 8th PTTI Meeting, NRL, Washington,

DC, 1976.

Summary 9. Edward M. Mattison, Martin W. Levine and R. F. C.

Vessot, "New TE I Mode - Hydrogen Maser," Proc.
The mechanical and electrical designs have been 8th PTTI Meeting, NRL, Washington, DC, 1976.

completed and components have been tested. The assem-
bly of the clock is now in progress and operation is 10. See reference 3. Also, C. Finnie, R. Sydnor and A.
anticipated during the latter half of 1977. The pre- Sicard, 25th Annual Symp. on Freq. Contr. , Ft.
dicted performance of the clock is a frequency stabil- Monmouth, 1971.
ity of better than 1 part in 1014 for averaging times
between 50 seconds and 10 days. The main features of II. Harry E. Peters: Goddard Space Flight Center,
the design are: a small fixed quadrupole state selec- Tech. Report X-524-74-15 (1973).
tor; a capacitively coupled RF dissociator using an
ion-depleted glass bulb; a microwave cavity structure 12. Stephen F. Jacobs, "Dimensional Stability Measure-

composed of a molybdenum cylinder and aluminum end ments of Low Thermal Expansivity Materials using
plates; a cylindrical storage cell made from 0.0025 cm an Iodine Stabilized Laser," Optical Science
thick FEP "Teflon" film; four magnetic shields; two Center, University of Arizona, Tucson, Arizona
vacuum chambers; thermal tuning of cavity; and two 85721.
secondary temperature isolation ovens within the vacuum
enclosure. The present engineering model will weigh 13. Harry E. Peters: Goddard Space Flight Center,
over 100 pounds but is purposely over designed in Tech. Report X-524-74-15 (1973).
weight for the purpose of economy in cost and time and
to quickly prove out the performance characteristics of
the design. Nevertheless this design, including all of
the electronics, can be built to weigh less than 90
pounds and fit into a cylindrical space of 38 cm in I4GHz

diameter by 71 cm long and consume 55 watts of power. OUTPUT

Based on knowledge gathered during the design of this . 1
unit, future hydrogen clocks will be smaller and light-
er than this desigr akd will meet the performance - I
specifications of the CPS system. AN I STSTE OCAVITY

AND4C ANDI
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rfDROGEN MASER wITH A DOUBLE CONFIGURATION BULB FOR WALL SHIFT

MEASUREMENTS IN THE TEMPERATURE RANGE 25-120
0
C
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Bgtiment 221 - Universitg Paris-Suc

91405 Orsay - France
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zoss4' le ways to irprove the H-maser accuracy are The aim of the experiment described here is to

ita"ec. Ar,ong tem. tne use of a H-maser of regular investigate a possible mean to improve the accuracy
:esign, equippeo with a special bulb, made of quartz of a H-maser frequency standard of classical design.

csnowing two coaxial parts is described. A small We report preliminary results achieved with a special
.artz valve allows to use the solid bulb in two dif- bulb in the temperature range 25-120oC. which demons-
erart configurations, with two different rean diame- trate the feasibility to operate a H-maser frequency

ters. This oevice is operated in the temperature range standard at the temperature which cancels the wall
25-120

0
C, and preliminary results are reported. A shift of presently used bulb coatings.

cnange of the temperature dependence of the wall fre-
quency shift, for a FEP 120 coating, is observed at Possible solutions of the wall shift problem

360 K and the wall shift goes tc zero at 360 K about. Sevezal solutions of this problem have been

proposed :
Introduction 1) the first attempt to overcome the wall shift

In all presently operated atomic frequency stan- limitation has been the big box maser of Harvard Uni-

dards, it is not possible to interrogate the atoms in versity 3 in which a bulb showing a mean diameter of

ideal conditions, i.e. without interaction with any about 1.5 m was used in a maser of special configura-

field, and at rest. In the hydrogen maser, the most tion. The mean collision rate n, was then 10 times

annoying spurious effect is related to collisions of smaller than in masers of regular design 4,5
s 2] the use of a bulb, a part of which is made ofhyorogen atoms with the wall of the containing vessel 6.7

If T is the mean phase shift per collision, the a thin membrane 6,7 allows to vary the volume of the

macroscopically observed frequency shift Af of the bulb, as sketched on figure lb. For the two extr6me

hyperfine transition of stored hydrogen atoms is positions of the flexible membrane, one then sir&2a-
f n tes two bulbs of different mean diameters, but opera-

w 
= 

211 ting with the same surface (however, stresses are

where n is the mean collisions rate of hydrogen atoms developed in the bended region, which are different

with the wall. In general, n is related to the area for the two positions, and might change the mean
to volume ratio of the bulb, A/V, and we have phase shift per collision, on that part of the sur-

face). The application of this idea to the big box

maser (fig. Ia] allowed an experiment in which the
Af = A ( 2) wall shift ontribution to the error budget was 2.6 x

where v is the mean atomic velocity in the bulb. For a The implementation of an elongated cylindrical
spherical bulb, A/V - 6/0 where D is the diameter, and bellows 9 (fig. 1c) rely on the same idea. It offers

then the possibility of a measure of the wall shift as a

Af - Ef (3) continuous function of the surface to volume ratio of
w 40 the bulb. Furthermore, it is expected that possible

It is well known that, presently, the properties stress effects would cancel on regions of opposite
curvature of the convolutions.of successive wall coatings suffer from a lack of

reproducibility, as far as the wall shift Af is con- The bulb shown on figure id has also been consi-

cerned. This affects the precision in the determina- dered 10. The piston allows a continuous variation of

tion of the wall shift, by the classical method which the ratio A/V.

consists in substituting sphericl coated bulbs of These methods where a flexible membrane or a pis-

different diameters, in a maser . This is the present ton is used have the common drawback to cause difficul-

limiting factor of the H-maser accuracy, to the 10-12 ties as far as the mechanical stability of the storage

level, whereas the contribution of the other sources of bottle, the temperature coefficient of the cavity and

frequency offset, to the error budget, is smaller than the recovery of large cavity detunings are concerned.

I jrj-13, Furthermore, in en oscillating maser, the change in
the area to volume'ratio is limited by the requirement

to give the product of the filling factor 4.3 titles
the bulb volume a value compatible with the oscillation

condition.

this work has been sponsored by Centre National de 3) one of us (P.P.) proposed to remove these last
la Recherche Scientifique and Bureau National de drawbacks by using a solid bulb, made of quartz, desi-
M~trologie. gned with two coaxial parts and a small valve as shown

on figure le. For each of the two stable positions of
the valve, the area to volume ratio of the region oc-
cupedby atoms can differ by a large factor (it is

.m



even possible, in principle, to add quartz walls, in and allows a communication between the inner region and
the outer part of the bulb, increasing the area without another region which is coaxial with the previous one.
an appreciable change of the volume). The A/V ratio va- The surface where the atoms collide is then multiplied
riation can then he much larger than allowed with a by a factor larger than three, whereas the volume is
flexible bulb. not too much increased. The equivalent mean diameter

According to the valve position, the surface inter- of the bulb in configuration N
0
2 is 8.3 cm about (as

acting with hydrogen atoms are different. But, the stated above, it could be made smaller by inserting

quartz surfaces being lined in the same coating ope- coated quartz walls in the interval between the limits

of the wall proper- of the two useful regions). The main characteristicsration, a good enough homogeneity of hi blbaresumariedinthefoooinetbl

ties can be expected. This point can be checked by of this bulb are summarized in the following table

operating several bulbs of this Kind.
The bulb shown on figure l benefits of a better Configuration 3 2 - b 1

V(cm I Acm O 0cm] ~r 'T (S
centering in the microwave and the static magnetic c ib

fields, which is of interest to minimize the frequency n* 1 2483 973
shift which might be connected to the inhomogeneities ±1 ±20 15.3 0.38 0.75
of these fields 11. This is the bulb used in the re- - _

ported experiment. _ I
•n' 2 !3990 2685

The idea of the small valve llowing to change the 2 ±30 89 1.21
configuration of the storage region can also be applied
to a bulb with a septum orthogonal to its axis of

symmetry 12. where 0 is the equivalent mean diameter, n is the fil-
4] Presently used bulb coatings show a null of the ling factor, V the total volume offered to atoms,

mean phase shift per collision at a given temperature V is the volu6n of the cavity and T is the calculated
close to 100

0
C 13,14,15. At that temoerature, the geometrical life time at a temperature f 20C. The

transition frequency and thus the oscillating frequency communication time constant between the two parts of
is not shifted as an effect of wall collisions, and 16 the bulb is 8 ms about. It is small enough compared

this can be experienced by modulating tie A/V ratio to T so that the atomic density can be considered asb
by one of the means described above. Furthermore, at uniform in configuration n' 2. Similarily all the H-
that point, the exact Knowledge of the involved A/V maser properties based on motional averaging 4,11 are
ratios is not needed. These ratios only determine the still valid in configuration n

° 
2. In this configure-

sensitivity of the method. tion, the H-maser behaves -except for wall inter-
5] One otvious way. but still speculative, is actions- as if the septum would be removeC. Due to the

to search for coatings showing reproducible enough valve smallness and to the fact -iat it moves in a
properties (in that event, it would not be needed that region of weak electric field, the cavity resonant fre-
they show a null of the mean phase shift per collision, quency differs by 12 kHz only for the two valve post-
although an useful characteristics when occuring at a tions.
convenient temperature). In that respect, it would be Peculiar attention ,-as been pac t: ers~re homoge-
interesting to investigate more the properfies of some neous properties of the FEP 120 c(atirg. The main fea-
fluoropolymers. For instance, FEP 120 behaves as a tures of the prccedure are i) slo ann smooth rotation
perfect solid for T < 200 K and its properties might of the bulb nontaining a small amont of FEF 12 suBs-
be much moy reproducible there thai. for higher tem- pension, ii) dripping in the presence of a humid at-
peratures . The change of properties at T = 200 K mosphere, iii) rotation during baking up to 360*C, in

is due to a second order phase transition in the bulb the presence of an oxygen flow in the two parts of the
material. This temperature might be increased to a bulb and iiii) slow cooling in order to obtain a simi-
more tractable value by reticulating the polymer lar texture for all the coated surfaces. The bulb recei-
chains (without the introduction of paramagnetic cen- ved two layers of coating, as well as the valve and
ters). the upper quartz tube which grounds the bulb.

Experimental set-up Microwave cavity and thermal control
15

A hydrogen maser of classical design has been The temperature coefficient of the microwave ca-
equipped with a special bulb and it has been slightly vity has been minimized, in view of the large tempera-
modified in order to allow operation in the tempera- ture range to be explored in preliminary experiments.
ture range 25-120

0
C. Figure 2 shows details of the The cavity structure is made of quartz, as shown

bulb used and of its setting in the microwave cavity, on figure 2, so that all parts in contact have the same
Double configuration bulb thermal coefficients. Jumps in the resonant frequency

are ther, avoided. The thermal coefficient of a cavity,

It is made of quartz and is FEP 120 coated. It made of quartz walls, without bulb, is 0.6 kHzz.K
-1

comprises two coaxial parts, with a common bottom, about. In the presence of the double configuration
It is firmly holo in position with the help of a storage bulb, it rises up to 3.5 kHz.K

- 1
. A thermal

cone-shaped grinding, in its lower part, and of a compensation is then required. It is insured by three
spring-grounded quartz tube in its upper part. A small posts in the upper part of the cavity. They corijrise
valve, made of quartz (diameter : 24 mm. thickness : quartz and copper rods of adjustable length. It is
4 mm) and FEP 120 coated, showing two spherical grin- then possible to give these posts the desired ther-

dings, rests on one of the two spherical-grinded seats. mal expansion coefficient. One proceeds by trial and
A quartz rod is attached to the valve and is driven error to minimize the thermal coefficient of the mi-

through amagnetic bellows. All gaskets are still me- crowave cavity, in the presence of the storage bulb.
tallic onesin the modified H-maser . This is made necessary by the large uncertainty in

the value of the thermal coefficient of the dielectricThe valve allows to use the solid bulb in two
constant of quartz. Finally, a mean thermal coefficientdifferent configurations, according to its position. of 0.1 kHz.K

-1 
is achieved in the temperature range

In the configuration n
0
1, the valve sits on the top of 25-120.C. A plunger, with a tuning range of 30 kHz

the inner part of the bulb. The region offered to hydro- allows to approach the cavity tuning position in the
gen atoms is then a bulb with an equivalent mean dia- whole temperature range, whatever the valve position
meter of 15.3 cm about. In the other stable configu- is. A varactor allows the fine tuning of 'he cavity.

ration,n*2, the valve closes the outer part of the bulb
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The microwave cavity is enclosed in a tnermal wall shift is reached at a temperature close to 380 K.
shield, made of copper and situated within the Future experiments will concentrate measurements
vacuum tank. It ensures the thermal homogeneity on the temperature range 360-395 K.
which is required for a proper operation of the ther-
mal compensation set. Furthermore, it improves the Conclusion
decoupling between the microwave cavity and the remai- It has been experimentally proved that a hydrogen
ning parts of the maser. maser, equipped with a double configuration storage

The driving mechanism of the valve is thermally bulb, can conveniently be operated as a frequency star-
controlled. For each temperature of the bulb, the dard at a temperature close to 100

0
C,where the wall

temperature of most of the different controlled walls shift goes to zero. This allows to investigaLe one way
is properly adjusted, by changing the reference resis- to improve the H-maser accuracy.
tors of the temperature sensing bridges 19. The refe-
rence resistors and the electronic circuits (except References
the power stage) ensuring the thermal control of the
inner parts of the maser are also temperature regula- of the Rh Aaouc mpi on Freqnc ono

ted. of the 29th Annual Symposium on Frequency Controlted.
p. 371 (1975) copies available from E.I.A.

Experimental results 2. P.W. Zitzewitz, E.E. Uzgiris and N.F. Ramsey,

Frequency stability Rev. Sc. Instr. 41 81 (1970]

When the modified maser is operated with a tem- 3. E.E. Uzgiris and N.F. Ramsey, Phys. Rev. Al. 429
perature of the bulb and the microwave cavity in the (1970]
range 26-104

0
C, its measured frequency stability looks H.M. Goldenberg, D. Kleppner

the same as it was before modification 17. One obtains 4Rev. 123, 530 (1961] and N.F.Ramsey, Pnys.
(in a bandwidth of 3 Hz] R

5. 0. Kleppner, H.C. Berg, S.B. Crampton, N.F. Ramsey,
R.F.C. Vessot, H.E. Peters and 3. Vanier, Phys. Rev.
A 138. 972 (1965)

T(s) 1 10 1 102 10 10 6. 0. Brenner, Appl. Phys. 41 2942 (1970)

7. P E. Debely, Proc. of the 24th Annual Symposium
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-
14 on Frequency Control, p. 259 (1970). Copies avai-
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for each position of the valve. For T > 103 s, the 8. V.S. Reinhardt and 3. Lavanceau, Proc. of the 28th
measured frequency stability might be limited by the Annual Symposium on Frequency Control, p. 379 (1974)
reference maser in which the microwave cavity still
shows a thermal coefficient of 1.5 kHz.K

-1
. It was 9. H.E. Peters, Proc. of the 29th Annual Symposium on

Frequency Control p. 362 (1975) copies availhible
noticed a slight decrease of the frequency stability from E.I.A.
at a temperature of 122

0
C. However, in this measure,

the steady state conditions were not completely rea- 10. J. Vanier, private communication
ched. 11. S.B. Crampton and H.T.M. Wang, Phys. Rev. A 12

These results show that the mechanical stability 1305 (1975)
of the device is quite good.

Temperature variations of the wall shift 12. J. Vanier, private comunication

After the temperature reached the desired value 13. R.F.C. Vessot and M.W. Levine. Metrologia 6 116
(1970)within 0.03K about, and the background pressure in

the bulb compartment lowered to less than 1O'
5
pa 14. P.W. Zitzewitz and N.F. Ramsey, Phys. Rev. A 13

(which requires a delay of approximately 12 days bet- 51 (1971)
wean each temperature setting) the modified maser is 15. M. Oesaintfuscien 3. Viennet and C. Audoin, Proc.
spin-exchange frequency tuned 1. As the temperature So einar on Frequen etroog - opper

rises, the contribution of the wall collisions to the Second Seminar on Frequency Metroloy - Copper

relaxation times T and T and the contribution of H- Mountain - USA - p. 565 (1976)

atoms recorrbinatioA to thi storage time constant Tb  16. R.F.C. Vessot, M.W.Levine, P.W. Zitzewitz. P.
increases 15. The intensity of the hydrogen beam Debely and N.F. Ramsey, Proc. of the International
must be increased accordingly. It results that the Conference on Precision Measurement and Fundamen-
range of beam intensities which is allowed for cavity tel Constants. Gaithersburg - USA - p. 27 (1970)
tuning is narrowed. However, even at the temperature 17. M. Desaintfuecien, Private comeunication
of 1220C, the cavity can be tuned such that the error

in the oscillating frequency is smaller than 0.1 mHz. 18. P. Petit, J. Viennet, R. Barillet. M. Oesaintfus-
The frequency is measured, for both valve posi- cien and C. Audoin, Metrologia 10 61 (1974)

tions. relative to the frequency of a reference maser.
Corrections are then applied to account for the second . of Phics J. Sienti Intrt 8 544

order Doppler effect, and the second order magnetic ( h9t5s

field frequency shift. The value of the static magne- (1975]

tic field is close to 8 mG and it has been carefully
checked, for both valve positions that the magnetic
field inhomogeneities 11 do not shift the observed
frequency.

Figure 3 shows the preliminary results which
have been obtained. One sees that the temperature de-
pendence of the wall shift follows two different laws,
according to the teperature range. This corresponds,
likely, to another second order phase transition occu-
ring at a temperature close to 360 K. which was not
reported previously in H-maser works. The null of the[ -n
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A NEW GENERATION OF SAO HYDROGEN MASERS

M. W. Levine, R. Vessot, E. Mattison, G. Nystrom, T. Hoffman, and E. Blomb)erg
Smithsonian Astrophysical Observatory

Cambridge, Massachusetts

Summary The maser program, which began at Varlan Associ-
ates and was continued by Hewlett-Packard when it

A new generation of hydrogen masers for field use acquired the Varlan frequency and time operation, was
has been developed at the Smithsonian Astrophysical transplanted to SAO in Cambridge, Massachusetts, in
Observatory. The VLG-11 series incorporates a number 1969. SAO built a series of VLG-IOA masers for the
of improvements over the earlier VLG-1O masers, includ- Naval Research Laboratory and for a consortium of four
ing upgraded thermal performance, freedom from baromet- radio-astronomy observatories. In 1970, the gravita-
ric-pressure influences, and thoroughly modernized and tional redshift program was revived, and three addi-
field-repairable electronics. tional VLG-IOA masers were built to serve as the ground

reference standards for the redshift experiment.
3

This paper describes the construction of the
VLG-1I "physics package," the supporting electronics The requirements for the redshift probe maser
system (thermal, pressure, magnetic field), and the proved to be extremely demanding; the clock was to be
signal-processing system (phaselock receiver and digi- launched in a 200-lb payload by a solid-fuel Scout
tal synthesizer). The features of the physics package rocket to an altitude of 10,000 km, staying aloft for 2
are a new, lightweight storage-bulb design, a rugged to 3 hours. The probe maser was required to survive
Cervit cavity carefully isolated from pressure varia- launch environment and operation within specifications
tions on the vacuum tank, a multilayer printed-circuit immediately after burnout - necessitating the design of
solenoid, which provides an exceptionally uniform "C" an extremely rugged, lightweight cavity structure and a
field, and torrispherically domed magnetic shields sophisticated thermal control system. The qualifica-
supported by machined semirigid foam. The thermal tion model of the probe maser was subjected to inten-
control system provides two-level, five-zone tempera- sive shock, acoustic, vibration, spin, magnetic-field,
ture regulation to minimize environmentally induced and thermal-vacuum testing for 9 months.
temperature gradients at the maser cavity. The cooling
system for the hydrogen dissociator is a temperature- The VLG-11 is the end result of two converging
controlled closed-circuit air-to-air heat exchanger lines of development - the earlier ground masers and
that further reduces the influence of ambient-tempera- the innovative probe maser - and incorporates the best
ture variations on the cavity resonant frequency. The features of both designs into an entirely new genera-
digital synthesizer was specifically designed for this tion of hydrogen masers.
application, providing a 0.001-Hz step resolution over
a tuning range of 405,750.00 to 405,753.999 Hz. The VLG-11 Design Philosophy
synthesizer combines very low power consumption, less
than 3 watts, with the capability of operating directly There are two basic aspects to the design philoso-
from 28-volt battery back-up power sources. phy developed at SAO for the VLG-11 series of hydrogen

masers. First, the maser cavity was to be as inherent-
Performance data on the VLG-11 hydrogen masers - ly stable as possible. Then a very tightly controlled

including short-term frequency stability, frequency vs. thermal and mechanical environment was to be estab-
ambient temperature, frequency vs. barometric pressure, lished for the cavity to permit maser operation over
and frequency as a function of ambient magnetic field - long periods of time without autotuning or other
are presented. Long-term frequency stability data are adjustment. Toward this end, the cavity was constructed
also covered, to the extent that such data are avail- of Cervit 101, a material with a very small thermal-
able. expansion coefficient (2 to 5 x 10-7/*C) and long-term

resistance to dimensional creep. To reduce the aspect
Ker, words (for information retrieval). Hydrogen of the thermal coefficient of dielectric loading, the

Maser, Frequency Standard, Frequency Stability, Oscil- mass of the storage bulb was reduced to 175 g (from
lator, Jesign. 350 g as used in the VLG-10 masers) without sacrificing

the stiffness-to-weight ratio.

The second basic consideration was that the VLG-11
The design of the Smithsonian Astrophysical Ob- was to be a readily transportable, rugged, and com-

servatory (SAO) masers is the result of an unbroken pletely integrated frequency standard. The entire sys-
evolutionary process that began in 1960, shortly after tem was engineered as a unit, and all electronics,
the invention of the maser by Kleppner, Goldenberg, and including the signal-processing elements (receiver and
Ramsey.1  In 1962, the hydrogen maser group at Varian synthesizer), were mechanically and electrically inte-
Associates, Beverly, Massachusetts, began a program for grated into the overall design. The end result is a
the development of a transportable, self-contained relatively small instrument weighing about 650 lb and
hydrogen maser under the sponsorship of the National requiring a source of only 24 to 30 volts DC at 200
Aeronautics and Space Administration/Marshall Space watts to operate.
Flight Center. Shortly thereafter, a spacccraft design
effort was begun, with the qoal of measuring the gravi- Mechanical Design
tational redshift using a payload launched into a 24-
hour elliptical orbit by a Titan 3C booster. 2 Although The maser frequency standard is housed in a stand-
this approach for redshift measurements was abandoned ard, caster-equipped, aluminum cabinet measuring 52
"oam nf thp hin1, rnct nf an orhital satellito oro- ir-'hr h ;'i hy - ir chc, vrd: b 30 inches deep. Three
grain, the design later evoived intu the VLG-IOA qround aluminum brackets are welded directly to the cabinet
maser, frame to engage a set of ears on the main support plate

of the cylindrical physics package. The electronics
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packages are built up around the physics packages on of the printed-circuit solenoid.
the front and rear mounting rails of the cabinet.

Figure 10 illustrites the thermal control system
The physics package is a completely self-contained of the physics package, showing the division of the

unit, interconnected to its support systems through a vacuum tank into three independent zones and the oven
single 61-pin cylindrical connector for power, RF out- into two zones. The thermal control system is de-
put, control and monitoring lines, and two hoses for scribed if detail in the following section.
recirculating the air used to control the RF dissocia-
tor temperature. The ion-pump manifold, dissociator, and state

selector for the VLG-10 and VLG-11 masers are comparedThe electronics package includes the control in Figure 11. The dissociator glassware in both cases
assembly, consisting of a monitor panel, main card is similar to the probe maser design. The location of
file, control panel, receiver box, synthesizer box, and the RF discharge optical monitor is shown in the figure;
distribution unit. Figure 1 shows the physical place- the operation of this circuit is described in the next
ment of these components. On the rear panel are the section.
air-flow control assembly, the heat-sink assembly for
the power transistors, and the high-voltage power Electronic Systems
supply for the ion pump.

There are two basic categories of maser electronic
In Figure 2, the control assembly is swung out on systems: 1) maser support (thermal, magnetic, pressure,

its hinges with the distribution unit partially with- and tuning control) and 2) maser signal processing.
drawn from the cabinet on its chassis slides. The Unlike earlier SAO designs, the VLG-11 has all the
hinging arrangement permits convenient access to the electronics integrated into a single functional unit
rear of the card file, monitor panel, and control panel with all the controls, metering, and power supplies
for maintenance or service without interruption of centralized. The support and processing electronics
power. The chassis slide provides similar capabilities are mechanically and electrically compatible with each
for the distribution unit, which houses all low-voltage other and with the physics package.
power supplies and analog monitoring buffer amplifiers.
Figure 3 shows the front of the card file with the Maser Thermal Controls
individually shielded printed-circuit cards plugged
into the backplane. Experience with earlier models of hydrogen masers

demonstrated that the sensitivity of the cavity tuning
A closeup of the receiver and synthesizer boxes to ambient temperature changes was much greater than

with the front covers removed is seen in Figure 4. All expected. Increasing the thermal gain of the oven con-
the synthesizer modules and most of the receiver mod- trollers and improving the temperature stability of the
ules are individually shielded plug-in boxes, which can thermistor bridge preamplifiers did not produce commen-
be easily removed from the front for service. surate improvements in temperature coefficients. Com-

puter modeling of the maser system for the probe maser
Physics Package design indicated that thermal gradients along the

vacuum tank are the primary contributor to the ambient-
The figures in this section illustrate the design temperature sensitivity of the cavity. Exhaustive

evolution from the VLG-lOA series of masers to the new thermal testing of the probe maser confirmed the valid-
VLG-ll. The major changes are a more rugged cavity ity of the model. Increased thermal gain or improved
structure, adapted from the probe maser; improved ther- amplifier stability is ineffectual in attacking this
mal design, also an outgrowth of the probe maser pro- problem; however, division of the tank (and oven) sur-
gram; and improved magnetic shielding through the use faces into independently sensed and controlled zones
of torrispherical shields, has been shown to be a powerful technique in minimizing

gradients.
Figure 5 illustrates the cavity-bulb assembly,

including the output line and isolator, which is pro- The vacuum tank, therefore, is divided into three
perly part of the cavity resonator. The photograph of zones - dome, cylinder, and base - each with its own
the lightweight bulb in Figure 6 reveals the tetrahe- sensing thermistor, amplifiers, and heater windings.
dral strut supports. Figure 7 shows the cavity-support Each zone can respond independently to external thermal
structure and outlines the major load paths. Stress loading without materially affecting the temperature of
changes on the cavity owing to the expansion coeffi- the other zones. To minimize the thermal stress on the
cient of the aluminum hold-down cylinder are absorbed vacuum-tank controllers, the oven is divided into a
by the Belleville washer. Similarly, thermally induced dome-cylinder zone and a base zone, each of which is
radial stress at the base is relieved by the rollers. independently controlled. The major heat-flow path
The cavity is isolated by barometrically induced stress Into the oven is by way of the base zone, which is
provided by the "floating base" construction shown in adjacent to the oump and thermally coupled to it by the
the figure. neck structure anI mounting studs. Independent control

of the base zone permits it to respond to its varying
The magnetic shield-oven assembly surrounding the loads without excessive heating or cooling of the rela-

vacuum tank is shown in Figure 8. The torrispherical tively well-insulated cylinder dome zone.
shields used in the VLG-11 are supported at their ends
by rigid foam-glass Insulation. These shields are A separate oven is provided for the isolator and
subjected to far less local stress are than the flat- the first RF preamplifier. The Isolator box Is mounted
ended shields in the VLG-IOA and have improved lapped on the upper electronics assembly, along with four
joints at the lower cover (the upper cover is not printed-circuit boards - three tank preamplifiers and
removable). The printed-circuit solenoid for the VLG- the tuning-diode voltage regulator. The upper elec-
11 is similar in design to the probe solenoid, though tronics assembly, in turn, is temperature-controlled by
considerably larger in size. The multilayer construc- the air-flow system, which also provides controlled-
tion allows nearly complete cancellation of stray temperature air to the dissoclator.
magnetic fields and provides a rugged structure that
fits closely within the innermost magnetic shield The close-cycle air-flow system is a major depar-
surrounding the vacuum tank. Figure 9 is a photograph ture from previous practice. Air is drawn from a
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plenum chamber in the air-flow assembly, heated to The oscillator supply voltage is controlled by
approximately 38*C by an actively controlled heater, voltage-regulator circuitry on a printed-circuit card
and circulated by means of two blowers through separate mounted in the main card file. The regulator power
circuits to the dissociator assembly and to the upper transistor is mounted on the heat-sink assembly.
electronics/ion-pump assembly. The air flow is then
returned to the plenum, passing through an air-to-air The dissociator electronics provide for monitoring
heat exchanger, one side of which is in equilibrium the oscillator voltage, current, and RF level at the
with ambient room air. collector terminal. In addition, an optical monitor is

incorporated to provide a quantitative and objective
The design goal for both the oven and the isolator measure of the brightness of the discharge. Two inte-

box is a temperature stability of +0.01 0C over a 20 to grated photodetector/amplifiers view the discharge
300C range of ambient temperatures. The goal for through atomic" and "molecular" interference filters
vacuum-tank stability under the same conditions is at 65 2 i (the Balmer y line of atomic hydrogen) and
+0.00050C, and that for the temperature-controlled air 6013 A (near a hydrogen-band spectrum), respectively, to
in the air-flow system, +0.50C. provide outputs that can be used to verify proper opera-

tion of the dissociator.
Preliminary measurements indicate that the per-

formance requirements on the two oven zones have been Phaselock Receiver
met. The resolution of the temperature-monitoring
equipment is approximately +O.00lC, so full verifica- The VLG-11 phaselock receiver is a totally new
tion of vacuum tank performance is not possible; design, fully utilizing recent improvements in L-band
however, the tank zones are controlled within the reso- and RF amplifiers. An RF amplifier, with 20-db gain at
lution limits of the instrumentation. The air-flow 1420 MHz, is incorporated in the isolator box. The
system has not been fully tested at this time. preamplifier is temperature controlled to within +0.050 C

to help present a more constant input impedance to the
The six thermal control amplifiers are printed- isolator output port.

circuit boards that plug into the main card file in the
control assembly (see Figure 3). The three most criti- Within the receiver proper (Figure 12), the
cal preamplifier modules, for the three tank zones, are second preamplifier stage is preceded by an input filter,
mounted in the temperature-controlled upper electronics a wide-band device whose only requirement is to reject
assembly. The preamplifiers for the two oven zones and the image-frequency noise input at approximately 740 MHz.
the isolator box are mounted on the amplifier boards in A double-balanced harmonic mixer follows the second RF
the control assembly. The power transistors for the amplifier. The local-oscillator frequency for this
six heaters are mounted external to the maser cabinet first mixer is 360 MHz; the third harmonic of 360,
on the rear-mounted heat-sink assembly. The controlled- 1080 MHz, is qenerated in the mixing process and beats
temperature air system is completely self-contained, with the 1420.4-MHz RF from the maser to generate the
with integral electronics, in the rear mounted air-flow 240.4-MHz first intermediate frequency. Harmonic mixing
assembly, is inherently phase stable, although there is a penalty

of approximately 12 db in conversion loss. The receiver
Hydrogen-Pressure Control noise figure is determined by the preamplifiers preced-

ing the first mixer, and the overall noise figure is
The hydrogen supply for the dissociator is similar unaffected by the additional loss. The output of the

to that used in earlier SAO ground masers. A 2- to 3- first mixer is filtered and down-converted again in the
year supply of hydrogen gas is stored in a 1-liter tank second mixer. The second local-oscillator frequency is
at about 1000 psi. A thermally controlled palladium again 360 MHz, giving a second IF of 19.595 MHz. The
valve meters the hydrogen into the dissociator. Hydro- 19.595-MHz frequency is amplified and routed to the IF
gen pressure is sensed at the dissociator input by a amplifier module, where a third down conversion, to
thermistor Pirani gauge. A second identical thermistor 405 kHz, is accomplished. This IF amplifier has a gain
senses the high-vacuum side of the pumping system, of approximately 60 db and hard-limits the signal in a
providing ambient-temperature corrections to the pres- symmetrical nonsaturating manner.
sure-measurement circuitry. The output of the thermis-
tor bridge drives amplifiers that control the tempera- The output of the amplifier limiter drives the
ture of the palladium valve so as to maintain the balanced phase detector in the integrator module. The
hydrogen pressure at a constant level, reference for the phase detector is the nominal

405.751685-MHz output of the digital synthesizer. The
The pressure-control electronics consist of a DC output of the phase detector is amplified and used

printed-circuit card that is installed in the main card to tune electronically the 60-MHz voltage-controlled
file. Pie power transistor that drives the palladium- crystal oscillator (VCXO). Auxiliary circuitry in the
valve heater is mounted on the heat-sink assembly on integrator module indicates the maser signal level by
the rear of the maser cabinet, means of a second quadrature phase detector and sweeps

the VCXO in the absence of a quadrature output to facil-
Dissociator Oscillator itate initial acquisition.

The RF oscillator in the VLG-11 dissociator is a The 60-MHz output of the VCXO drives an emitter-
refinement of the one-transistur design used in earlier coupled-logic (ECL) limiter and pulse shaper, which in
SAO i,,sers. The oscillator operates at approximately turn drives a x3 multiplier. The output of the x3 mul-
.;iwz with 6 t. 1) watts of DC puwer input. tiplier, at 180 MHz, is amplified to drive a full-wave

frequency doubler, the 360-MHz output of which is used
The VLG-1I version of the dissociatir oscillator as the local-oscillator signal for both the first and

is built up on a printed-circuit board and employs the second mixer. The output of the pulse shaper also
imicrostrip compincrits and technique to minimize stray serves as the input to ECL digital dividers, which pro-
inductance and capacitance. The result is a very vide 20- and 5-MHz outputs. Both the x3 multiplier and
reliable, stable, aad reproducible circuit. A four- the :3 dividers are referenced to the extremely fast
turn coil serves as both the oscillator tank inductor transition of the ECL pulse shaper to improve phase
and the electrode for excitation of the atomic hydrogen coherence between the local-oscillator signals and the
discharge. 5-MHz outputs. To improve the phase stability further,
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the pulse shaper, the frequency multipliers, and the Table 1. Short-term stability of VLG-11 digital
digital dividers are housed in an oven module, which synthesizers. (The 1.42 GHz is the
holds the internal temperature to +0.10 C. equivalent noise when the synthesizer

is used in conjunction with the
Two independent 5-MHz output channels are sepa- receiver.)

rately buffered for isolation; a third channel provides
ECL-compatible 5.0 MHz to the digital-synthesizer ref- Allan variance

erence input. Separate buffered outputs are available Average time

at 60 and 360 MHz for special applications. (sec) At 405 kHz At 1.42 GHz
8.3 1.2 x 10

-12  3.4 x 10

The receiver box is mounted on the front panel of 83.3 2.2 x 10-13 6.3 x 10- 17

the maser cabinet just below the control assembly. The 833.3 5.9 x 10-14 1.7 x 10-17
oven module can be seen at the lower right in Figure 4,
behind the bracket that holds the oven-control elec- plane. The modules can be operated on extender cards
tronics. The RF module (input plate) is on the upper for maintenance and troubleshooting.
left, and the shielded modules containing the printed-
circuit boards for the IF amplifier, the integrator, Monitoring of the synthesizer lock-loop status is
the 360-MHz distribution amplifier, and the two 5-MHz provided on the maser's monitor panel. A special high-
buffers are just below the input plate on the lower resolution counter and LED readout is included on the
left. monitor panel to display the four least-significant

digits of the synthesi'er output frequency. Thumb-
In keeping with the general philosophy of the VLG- wheel switches for setting these four digits are

11 design, all monitoring and power functions are pro- located on the maser control panel. Operating power
vided by the maser system. The receiver requires no for the synthesizer is furnished from the power supply
operator controls nor adjustments. for the main maser.

Digital Synthesizer Monitoring and Control

The VLG-11 digital synthesizer is also a totally The VLG-11 incorporates an extensive monitoring
new design. Previous SAO maser systems employed com- capability. Four front-panel mounted meters, each with
mercial synthesizers, which were bulky and heavy and an eight-position selector switch, are located on the
required 65 to 100 watts of 110-volt AC power. The monitor panel to provide quick-look monitoring of 32
VLG-ll synthesizer is quite compact and draws only 3 functions. These include all main power-supply volt-
watts from the 28-volt DC maser power supply. The syn- ages, all heater voltages, hydrogen dissociator operat-
thesizer provides a resolution of 0.001 Hz over a ing conditions, receiver/synthesizer signal levels, and
tuning range of 405,750.000 to 405,753.999 Hz. phaselock control voltages.

The primary requirements imposed on the synthesiz- The monitor panel also includes the small four-
er are low phase noise, low phase drift, and a very low digit counter and LED readout for displaying the output
level of spurious outputs at frequencies within 10 kHz frequency of the synthesizer. The counter is independ-
of the carrier. The system designed for this purpose ent of the synthesizer and serves as a check on the
is shown in block diagram form in Figure 13. Each of proper operation of the synthesizer. Six LED lamps on
two subloop circuits generates two variable digits, the panel provide a quick-look indication of the status.
using digital divide-by-N phaselock loops. A simpli- of the main power, thermal, pressure, pump, and disso-
fled block diagram of subloop 1 is shown in Figure 14. ciator oscillator subsystems.
A single LSI CMOS integrated circuit provides the -N
progranable counter and digital phase-detector func- In addition to the analog metering, the VLG-11
tions. The reference frequency for the phase detector provides an internal telemetry system. Thirty-one
is relatively high, 10 kHz, so that very good refer- channels of voltage or current data are normalized to
ence-frequency suppression, better than -70 db, is a standard 0- to +5.0-volt full scale, buffered, and
possible at the output of the VCO. brought out to a 61-pin cylindrical test connector on

the front panel. This analog output is designed to
The outputs of the two subloops are combined in simplify the interfacing of a digital data-processing

the 5.5-MHz loop, which locks a third VCO to the sum of system to the maser for continuous recording of criti-
the two subloop frequencies plus 5.0 MHz. The 550-kHz cal operating parameters. Five monitoring thermistors
output of the loop is translated to 5.750 kHz in the are also accessible through this connector to permit
translator, using frequencies derived from the 5.0-MHz convenient measurements of the tei.perature of each
synthesizer reference, and fed to the 4.05-MHz loop. vacuum tank and oven thermal zone.
This circuit locks a 4.05750-MHz crystal oscillator to
the sum of the output of the translator and the 4.0-MHz Perfor-iance Data
signal derived directly from the reference. The output
of the crystal oscillator is divided by 10 to yield the .:ly a relatively limited . ,,t ,:' prrfwraaci
405,750.000- to 405,753.999-Hz drive signal for the data tfir the VLG-ll is currentl, .,iv'e.

receiver phase detector.
Short-term stability. The 't-tc,,': s!,itility

The short-term stability of th- synthesizer has data -'ken to date are shCOW 4n Fl ;Je P wit com'par-
been measured by offsetting two synthesizers by 1.2 Hz able ,.G-lOA datd showr cr-r refer r, ,L-ll data fcr
and measuring the period of the beat output from a low- averaqinq interval, ,rae' ts Itar are not ot
noise phase detector. The results are shown in Table 1. available.

The synthesizer box is mounted on the front of the Envron;entl s t,=ilitv. A comprehensive environ-
maser below the receiver. All circuitry is mounted on menta'-cest proqram lor the V1-3-11 masers will begin at
shielded printed-circuit modules that plug into a back SAO in July 1977; thermal, magneti-field, ai ' haromet-

ric-pressure sensitivity .ll be evaluated.
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Preliminary test results indicate that the torri-
spherical shield design increases the magnetic-shielding
factor by approximately 1.5. To verify this improve-
ment, a large Helmholtz coil is under construction,
designed to permit testing under carefully controlled
conditions. Similarly, a special chamber is being
built at SAO to provide barometric-pressure testing
capabilities over an ambient-pressure range of +0.0 to
+2.0 inches Hg. 6O09 0 0 0 .
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FIGURE 6. PHOTOGRAPH OF CAVITY AND LIGHTWEIGHT BULB.
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FIGURE 9. PRINTED -CIRCUIT SOLENOID ASSEMBLY.
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ZEEMAN EFFECTS ON H AND Rb tASERS

Giovanni Busca, Jean-Yves Savard, Silvana 7ovea, Jacques Vanier
UniversitA Laval, Quebec, Canada

Michel Desaintfuscien, Pierre Petit, Claude Audoin
Universit' de Paris, Orsay, France

Surmarv in the absence of Zeeman perturbations:
2 u/2 02 0 2

A theory describing the H maser frenuencv and Do= 2 l2 u 2 (D24) (X42)
amplitude response to coherent Zeeman perturbations (B + ) (B t-R)B
is oresented. Measurements performed on a H maser 2 2
for different magnetic fields are found to be in Do a (_ 2 u2 ')(D 2 )
good agreement with the theory. For uniformly popu- -23 3 (B + )B42  (B + -)B 2
lated Zeeman sublevels and low magnetic fields this ( 4 ( 42
theory predicts that the Zeeman perturbation add a B
pure broadening term to the ordinary H maser fre- D2 0 22
quency equation. This prediction is confirmed by 0 2

preliminary experimental results. Cavity tuning by (b + ) . 4-
Zeeman effect on uniformly populated Zeeman sublevels 4 42
is also investigated experimentally. Finally results
relative to the Zeeman effects on the Rb maser are where the source terms a12 and a23 are expressed
given. by:

u u2
Introduction r.B.(d 1 2  94d23) + 4 d13

The Zeeman effect on H and Rb masers has been (B + u)(B - 1) (B + (B

studied experimentally and theoretically by several u 2 (3)
authors (1,2,3,4,5). However, only partial theories r.1.(d 23 - ) -r d 13
of the phenomenon has been given so far, despite the a23 ( ) - u (B u - u2
practical importauce of these studies which allow to (B) -)(B
predict or control the effect of magnetic 

field inho-

mogeneities and magnetic field fluctuations on the In this eq. d12 and d23  are beam population dif-
long term frequency stability of the maser. A more ference:
complete theoretical and experimental study of Zeeman
effects on H maser is presented here and is analy- d B B
sed from a practical point of view. d12  ll p22  (4)

B B
Zeeman Effects on H maser - Theory d23 = P22 - P3 3 2

This work is an extension of a similar work done The oscillating maser transition rate (X02)

by Andresen (1). However we take into account the 2 2
full spin-exchange phenomenon in presence of Zeeman yoH2  in the absence of Zeeman perturbations is:
cbherence (6) and we make the calculation for unres- 2
tricted maser amplitude. Details of the calculations F 2
are given in Ref. (7) Here the most important results o 2 P22 T'qc B42 -
are summarized. The hydrogen atomic levels of inte- 2

) 
a ( ()

rest are presented in Figure 1. The Zeeman sublevels c

are identified respectively by numbers 1,2,3; the ma-
ser transition takes place between levels 2 ane 4. wherel is the Bohr magneton, I is the total ato-

mic flux in the beam, n is the filling factor, Q
Maser Physical Parameters Calculation the loaded cavity quality factor and v the cavity

volume. Equation 5 is equivalent to ths more fami-
The Zeeman line-width (w12, w23) and the maser liar expression of the maser power as a function of

line-width (B42) are expresses by: the oscillating parameter q and atrnI flux (8).

r $i(l The main results of this calculation is that the
12 population difference bctween two liven Zetun suble-

w =r + y2 + u( () vels depends on the relative flux into these levels
23 2 1 and also, due to the spin-exchange relaxation, on re-

L42 2 1 Wu lative flux into the ctrer level. ornwledg. of t-

previous oscillating maser parameters allows the cal-
where r is the bulb eqcane rate, Y2  is the density culation of the maser amplitude and frequency respqnse
independent line-width, takinp into account relaxa- to 75eman pert,'r-ationq. Te Zemn. Intcs'tv (Y.

tion by wall and magnetic Inhomogeneities; u/2 . = X ) is a scale factor And can be adjusted f
c
or

n,- represents the longitudinal spin-nxchAnge relAxn- fitt R the exportmental respIts.
tion rate and p = - r33 is the Atnic polari-
satron. Maser Frequencv

The population difference foe tht oscbillating 14e Introd,,ce firsr the notaton. Zonr rnlhnerw-
m.,e. Ae 4ldLes 14ow L .;-ei. p~a~fL a. ccz are chiftee bav cpin-e~ch,r.? Itoe ctin'n, !"v 0h"



amount: Zeeman perturbations, as given by Eq. 2 and D24 re-
presents the change induced by the Zeeman perturba-

12 = 12 - 4vD 23  
tions expressed by:

Q I 1 Do (6) -X2 X 2 C12 2

223 =23 4B2 D2 4  1 B 4
2 3  23 B4 2 12

Consequently the detuning between the external cohe- 2 C 2 \
rent Zeeman excitation frequency w and the shifted (X D 240 * -23"2 .0 0 (15)
Zeeman transition frequencies, in the limit of nearly 2 2 42 3j4 ()
tuned cavity, are expressed by:

1 '1 1 o In the absence of Zeeman perturbattons &s 1s
-12 12 - 12 4D 23 proportional to the maser full line-width T181.This

1 . (7) statement is not generally true when Zeeman perturba-
023 = 623 = - 23 4 12 tions are present, In this last case the maser oscil-

lation condition is:

Introducing the lorentzjan shape, associated with
Zeeman absorption: R rhv

Q C (,6)
iJ - 2 +' 2 (8) T42 h 2 0 totIQ

Wjj where: R = D2 4 2 
0 

C 2 o7

and the associated disPersion: 24 24 12X12 12  23 23D23

0 8which corresponds to a spin-exchange shift given by:L l" ,()1 2 o
iLi 2 ' 2 (9) A e -cX(B 42 + b) + Vr(C12 12D12

2i (18) Se 2 vX C2l.

It is convenient to define a generalised absorption - C2 3  (18)
type curve given by:

2  where the usual notation fors (v = nv X) has been
A + X42Li ( introduced and c is a density independent parameter

A2 2 .
2
_' 

2  
r v vc

ij) 11 + X42LIJ) (c -- 2). Eq. (11) shows thpt only for uni-

a generalized dispersior type curve given by: formly populated Zeeman sublevels the spin-exchange

2 ~shift in presence of Zeeman perturbation is proportio-
i 42 il nal to the maser full line-width.Fij = -2 2  ,a 2 1 2 (11)(w ij X42Lij) + ( ij+ X42 L i1) The asymmetry parameter dependent term:

=F X2 2 (9
and a combined function of both A and Fi (19)

C iij = A ijl L i j Lj (12) is the sum of two near centered and opposite disper-
sion type curves. It is independent of the Zeeman

For simplicitv we report in the following the theore- sublevels populations. This term represents a direct
tical results relative to a tuned cavity, contribution of the coherent Zeeman perturbation wbich

consists of two opposite pulling effects on the mcser

The maser frequency (w ), including the Zeeman frequency. Neglecting the spin-exchange shift these

effects, is given by the expression: pulling cancel themselves Derfectly in the limit of

20 zero magnetic field.

- 4 = s~e.4
1
w p ~ ~ .b)A L24 + LW + n (24 4 + The polarisation dependent term Aw is givenby:

(13) 8 T Po I" ' 2 Do
TI 12612X12D12

p rhvc X2 2 2' 2
where is the unperturbed atomic H frequency c (w1 2  (2) L1 24 ('12 ( 2 L1 2)

correcte for the second order magnetic field depen- 2 o
* dence; L. is the spin-exchange frequency shift L2 3 A2 3X2 3 )2 3  1

in presencec6f Zeeman perturbations, Aw is an asvm- + o 2 2 o 2 '(0
metry parameter dependent t~rm, W isia polarisation (w23 

+ 
(X42 ) L23) (623 

+ (X4 2) L23)]
dependent term, b represents the PZeeman line broade-
ning and h /Th  is a recently introduced spin- This is the dominant term for an ordinary maser opera-
xhan h.":hift term (2). ting with no uniform Zeeman sublevels PoulaLiuns and

'uueome smaller when the polarisation T' is decreased.
ThL ;pin-exchange shift (, ) oxptesion is: The term vanishes rigorously only for uniform 7eeman

sublevels populations i.e. for D 2 - D2 3  0. As
- v(D 2 4 , D2 4 ) (14) a conclusion the maser frequency equation useful forlow magnetic fields and uniform Zeeman sublevels Pou-

where Do' is tihe pomilation difference in absence of lations is:
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2Q c Ethan the maser power dip, center frequency. Theoreti-

Wm Q 244+ 1  'A cX)(B 42 + b T (21) cally this trequencV difference is a function of the
(f24 42 T maser power and cavity frequency.

This equation illustrate a zero total Zeeman induced 3. A structure in the maser power apparently un-
frequency shift and pure Zeeman broadened line. correlated -ith the Zeeman freo'encies appears. Fi£.3

shows how the structure in the power curve arises. The

This equation predicts the existence of a cavity effect of each Zeeman line has been calculated separa-

setting for which the maser frequency is independent tely. Index 1 refers to the 1-2 Zeeman transition

of both Zeeman intensity and Zeeman frequency. This and index 2 refers to the 2-3 Zeeman transition.

cavity setting is named the Z.I.F.S. In Fig. 4 a comparison for Zeeman frequencies

Maser Power around 26.5 KHz is shown. This measurement illustra-

tes the fact that Zeeman perturbation can contributes

Maser power variations (AD ) due to the effect of either to an increase or a decrease in the maser Power

coherent Zeeman perturbations is expressed by: depending on both flux distribution and the Zeeman fre-
quency.

4APm 1 /2A12 1 2 o In Fig. 5 a typical comparison at low magnetic
2 1 + C 12 12  field is shown. Both theoretical and experimental va-

42  4 4(X 2  D24\B + lues of the frequency displacement between the power
dip, center frequency, and the dispersion-like curve,

./2A23+ ) 20_o 2 (C 20 2 center frequency, become negligible.I + C C12x1 24)
- 23 23O21 (B + 1a)B 2  Mixing the Zeeman Sublevels Populations

24 o 2) 4 Uniform Zeeman Populations can be obtained experi-
+ C23  -(X (22) mentally using a R.F. coil placed at the exit of the

magnetic state selector. In our measurements the coil
2 2 exciting frequency was anrouimatelv 907 KHz, the beam

where Apm = (X42) - (X42) and the broadening b is: diameter was about 4 mm and the interaction region

2 2 lenght was approximatly 2 cm. Fig. 6 shows how the
b A12 1 A X (23) maser dispersion-like freouencv curve is changed into

a straight line by proper Zeeman mixing. Similar re-

Eq. (22) shows that the maser power is increased by sults have been obtained nreviouslv by V. Reinhardt

Zeeman perturbations of frequency Q 1 if DO > 0. (3)13 The dispersion around the straight line is 5 x

On the contrary the maser powvr is digreased y Zeeman 10 . In scale B the maser frequency shifts has been

perturbations of frequency Q if DO > 0. This expanded by a factor of 10. The measurement averaging

is a usual situation for masers having one magnetic time was = 12 sec. The quoted dispersion is aoproxi-

state selector. The broadening term b appearing in mately 1 order of magnitude greater than the maser

this Eq. does not depends on the Zeeman sublevels popu- stability for the same averaging time. Noise appearing

lations. Consequently it contributes, in all situa- on the straight line seems to be due to instabilities

tions, to the maser power decrease. The broadening associated with the mixing technioue. Fig. 7 shows the

b is the dominant term when uniform population maser frequency for a cavity detuning of -600 Hz. The

between Zeeman sublevels is obtained, effect of Zeeman broadening appears evident. The mini-
mum cavity detuning detectable in the experimental con-

Experimental Results ditions illustrated, was approximately 150 Hz.

H Maser Experimental Results Rb 'laser Results

The experimental results has been obtained on H 87 Analytical calculations are not available for the

masers having 6 magnetic shields and provided with a Rb maser due to the complexity of the problem which

RF coil at the exit of the state selector magnet for requires a solution of 8 x 8 density matrix equations

mixing Zeeman populations. However the results obtained on H maser can be trans-
ferred qualitatively to the Rb maser.

Measurements have been performed for both high

and low magnetic fields. The agreement between the Fig. 8 shois typical experimental results obtained

theor: and the experiment is satisfactory and illustra- for the Rb maser. Also for the Rb maser, the zero

ted in Figure 2. Maser frequency changes and relative crossing of the maser frenuencv dispersion-like curve

maser power changes induced by the Zeeman perturbations occurs at a Zeeman rrenuencv lower than the maser nower

are plotted aga'nst the Zeeman frequency. The points dip, center freouency.

are the experimental values and continuous curves are
calculated theoretically using the parameter values Curves I nd 3 corresponds to almost onco-ire

showo in figure 2. cavitv detuning. Tn the curve 1 zero maser frenuencv
shift occurs at the exact Zeeman frequency correoon-

We ray notice that: !in to the minimum n-over. This is the usual situation
when a resonnant coherent Zeeman tuning is used.

L, T!- m.i 5- ' .eor dip, :-nt-r Crc,.uen , ,lner
n.rt o- :r it :h, r: t * r -i f- -r n Ire-,uc v d'C Cnn,,ion

to com,,llrte ,ffeetq a-,i-f,-.>d with the dniilet

structure of the Zeeman line. The frenuencv senara- Some practical suggestions of the present work ir(L

ti,'n ,f the two lines is 0.387liz. the use of the Zeeman effect on the maser iower for na-
Pnetir, etate slection efficiency measirement and tlc'

2. The zero crossing of the mser frenuencv dis- possibility of Z.I.F.S. for the tunine of the H maser.

ivrsln like curve occur for Zeeman freiuencv lower W.i. hae calculated here the maser rosnonse to a mono-
chromatic icturbation. Ti maser response to any Zee-
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:ian nerturbation can be obtained bv the convolution
of the Present response function with the given Zee-
man nerturbation spectral density. In Particular the

ff~ct of DC magnetic field inhomogeneities can be
derived.0 F+

Finally from a more fundamental Point of viewim-0
orovement of the Zeeman mixing technique will allow
measurements of the snin-exchanae parameter c h' the
output frequency difference between a s.e. tuned maser1
and a Z.I.F.S. tuned maser being , h times the maser
line width. 1
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DEVELOPMENT OF A CESIUM BEAM CLOCK FOR SATELLITE APPLICATION

James George and Alfred I. Vulcan
Frequency Electronics, Inc.
New Hyde Park, New York

Summary

A new Cesium Beam Clock has been devel- variation is due mainly to thermal expansion
oped whose design concept focuses on those of the C-Field shield.
perameters necessary for a space environ-
ment. The characteristics which were Figure 2 shows the Ramsey curve for the
optimized for space use also resulted in 14" Cesium Beam Resonator. The symmetry of
a device which has application to airborne the first order field independent state with
and ground based usage with stringent en- the main peak centered indicates a linear
vironmental conditions. These character- magnetic field and good magnetic shield in-
istics are low weight, low power consump- tegrity. The high peak-to-valley ratio is
tion, radiation hardened, rugged construc- an indication of good phase coherence in
tion, and long life. This paper discusses the microwave tee.
the general design concept and presents
test data taken on two prototype units. Figure 3 is a block diagram of the entire

Cesium Beam Standard. The power dissipation
Introduction of the tube including the oven, primary loop,

multiplier, and detector is 8.5 watts. At
Prototype resonators are constructed -60 C an additional 3.5 watts is required

of 10", 12" and 14" length. In addition for the Cesium oven. The primary loop has
20" tubes are presently in production for a time constant of 1 second and the secondary
laboratory use. The 14" length was sel- loop time constant is 20 seconds. An oven-
ected as the best compromise between fre- ized 14.59 MHz oscillator feeds a x630 mul-
quency stability and tube life. The pro- tiplier chain consisting of a x18 and x35
jected lifetime for the 14" tube is seven Step-Recovery-Diode multiplier. The x35 out-
years minimum, with the projection based put at 9.19 GHz feeds the resonator input.
upon data gathered during 1 1/2 years of
laboratory operation. A low noise FET amplifier at the tube

output converts the detector signal to a
Some of the features used in the new usable level.

resonator are as follows:
The Cesium oven controller is a high ef-

1. Indirectly heated Niobium targei ficiency device using a pulse width modula-
with a 10 section electron multi- tion to achieve 82% efficiency. The power
plier is utilized. The signal-to- supply configuration consists of D.C. con-
noise ratio is 55 to 60 db as com- verters, switching regulators, and a series
pared to 40 db for spectrometer regulator in each module. This approach
detectors. results in extremely low R.F. modulation by

line related frequencies. The synthesizer
2. Improved shielding allows a small accepts the 14.59 MHz signal and converts

size. it to 5 MHz. -.%e 5 MHz also drives a Time-
of-Day clock which presents both a visual

3. An improved maqnetic structure op- indication and a serial TOD output.
erating at 0.8 alpha for velocity
selection gives a higher signal Figure 4 is a block diagram for the pri-
level as compared to standard tubes mary loop. A novel feature of this circuit
operating at 0.3 alpha. is an auto lock provision such that in the

event of a loss of lock in the satellite
4. Improved Cesium oven for zero grava- environment due to power outage, high radia-

tational environment using a metal- tion inputs, or EMC transients the system
lic sponge structure preventing automatically reacquires the proper Ramsey
Cesium migration from the collimator, peak within 30 seconds. Referring to figure

4 it is seen that the detected output from
5. Ruggedized construction permits op- the FET amplifier drives a synchronous de-

eration to vibration levels of tector and a 2 millisecond delay compen-
28 Grms. sates for the phase shift through the

Cesium Beam Resonator. The offset null loop
Design compensates for any long term drift of the

integrator circuit so it has negligible
Figure 1 is a table showing the basic effect on frequency.

environmental characteristics of the new
Cesium Beam Resonator. Broad temperature A loss of lock initiates the sweep gen-
range operation is obtainable through the erator which slews the VCXO over a range
use of a compensated waveguide structure of + 1 PPM. At the same time the synchro-
and thermistor compensation networks for noul detector is inhibited and the output
the multiplier diodes. The compensation feeds a peak detector and hold circuit.
permits usable opgration over the tempera- Since the side lobes are 70% of the main
ture range of -55 C to +710C with a coeffi- lobe, the comparator and scaler senses when
cient of 1.3xi0-13/0C. The temperature the main lobe is acquired, enabling the
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synchronous detector and locking the system, which measured approximately 60 db during
In actual use the VCXO sweeps through a the first month of operation for both units
minimum of 3 peaks and on the return sweep has fallen off gradually to a level of ap-
lock is obtained, proximately 55 db where it is remaining

constant. This indicates that the gettering
Figure 5 is a block diagram of the syn- capacity and the structural integrity of the

thesizer and secondary loop. This circuit resonators is proper.
accepts the 14.59 MHz output from the
primary loop and divides and mixes inter- Figure 7 shows long term frequency stabil-
nally generated frequencies to synthesize ity for both resonators ref rred to LORAN C.
5 MHz. A programmable divider with a di- A total excursion of 4xl0-  peak-to-ps~k
vision ratio of 1,450 to 2,050 allows the is seen around a fixed offset of 2x10 -

output frequency to be changed over a This data is well within the original design
range of ixl0-8 with a resolution of limits.
1.6xl -13 . The 5 MHz oscillator in the
secondary loop has extremely low phase Physical Characteristics
noise and excellent short term stability
and in the free-running condition the out- The Cesium Beam Standard as packaged in
put signal has an aging rate of 2x10-11 a 19" rack panel assembly is shown in figure
per day. The secondary loop attack time 8. Modular construction is used with each
is 20 seconds. assembly being RFI filtered and independently

replacable. A tabulation for the various
Various alarm conditions indicating loss subassemblies is shown in the figure. Figure

of lock or other frequency anomalies are 9 is the front panel view of the laboratory
outputted to indicate improper system version of the standard. The panel height
operation. is 5.25" and the weight including batteries

is 60 lbs. When packaged for D.C. operation
Specifications the overall weight is 41 lbs. An extremely

ruggedized construction is used since the
The specifications for the satellite standard is designed to operate under severe

frequency standard are as follows: military requirements of shock and vibration.
The assembly is completely RFI gasketed.

PARAMETER VALUE
Conclusion

Warm-Up 14 Minutes
This paper describes recent developments

Accuracy t 1 x 10-11 in the manufacture of a new Cesium Beam
Frequency Standard that has excellent elec-

Reproducability 3 x 10-12 trical and mechanical characteristics and
is applicable to both space and ground based

Settability t 1.6 x 10-13 use. The design is radiation hardened and
constructed to meet severe environmental

Long Term Stability * 1 x 10-11/3 years requirements.

Short Term Stability 1.2 x 10-9/100
microseconds
1 x 10-1 2/Sec.

Jitter 25 psec. rms

Pulse Advance 100 nsec steps
1 sec maximum

Auto Sync t 0.5 microseconds

Battery Capacity 2 Hours at 250C
1 Hour at +550C
and -30*C

Signal to Noise Ratio 60 db

Line Width 1100 Hz

Beam Tube Life 4 Years

This data is compiled for two prototype
frequency standards for an 18 month period.

In order to determine if any life limit-
ing characteristics are inherent in the de-
sign of the standard, signal-to-noise data
and frequency have been measured on a
weekly basis. This data is presented in
figures 6 and 7. The signal-to-noise ratio
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CESIUM BEAM FREQUENCY STANDARD

MODEL FE-5440OA

ENVIRONMENTAL SPEC IFICAT IONS

PARAMETER VALUE

Vibration 0.5 g
2 
/Hz random

Temperature 300 C to + 650 c

Radiation effect 1 x 10O12 /10 Reds

magnetic Field 0 to 25 oersteds

External Magnetic t2a 012/ as
Field 22x1-/ as

Reliability 10,000 Hours orraF

Weight57 lbs. A.C. operation

41 lbs. D.C. operation only

FIGURE 1. ENVIRONMENTAL SPECIFICATIONS
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NEW CESIUM BEAM FREQUENCY STANDARDS

FOR FLIGHT AND GROUND APPLICATIONS

T. K. Gregory
Frequency and Time Systems, Inc.

Danvers, Massachusetts 01923

Summary spacecraft power, size, and weight; and tolerate the
radiation environment. Once on orbit, the environ-

The evaluation of the design of a cesium fre- ment is quite benign, and performance specifications
quency standard foz GPS satellite application and the for the unit are similar to those of a commercial
performance of prototype units is described. Cesium standard.
frequency standards for GPS satellites must be de-
signed: System Design

1. For lightweight, low power consumption and The block diagram shown in Figure 1 is generally
small size, similar to approaches previously used in commercial

2. to withstand shock and vibration from launch, units. The system differs mainly in the approach used
3. to operate for five years without adjustments to implement certain blocks.

in the space environment.
The 10.23 MHz output is derived from a 5.115 MHz

The FTS 1 cesium beam tube has been modified to crystal oscillator which is servo controlled by com-
meet the shock and vibration requirements, and the parison of a multiplied and synthesized signal from
success of the modification has been demonstrated, the oscillator to the cesium hyperfine transition.

The regulation is accomplished by modulating the 9 Glz
The electrical design approach is conventional signal with an audio signal (f ) and phase detecting

but space application requires new or more careful any signal at f in the beam tube output.
designs of the circuits and sub-systems. Five year
life without adjustments place severe requirements on Servo System
the design of the servo system. The extraction of
the small fundamental frequency component from the The servo amplifies and filters the modulated
beam tube output is usually realized with multiple output of the beam tube. The filtered signal is phase
feed-back operational amplifier "active filter" cir- detected, and the D.C. output integrated to generate
cuits. The stability of such circuits with temper- the correction signal. In the present system, the
ature and time depends on the stability of associated usual analog filters and phase detectors have been
components. The stability of the component values replaced by digital sampling techniques. The amplified
is not likely to be adequate for five years unattended beam tube output is sampled at twice the modulation
operation in space. Hence, for the space application frequency. The resulting square wave output is phase
a commutating filter approach was employed. Unlike detected at the modulation frequency by a baseline
active filters, commutative filters do not depend on restorer (Figure 2). The main advantage of this dig-
component values for their characteristics but on a ital approach is improved servo stability. The whole

digital signal derived from the quartz oscillator, servo system is clocked and does not depend on analog
time constants for its accuracy. In addition, no

To minimize the effects of gain degradation in tuning of the system is required to achieve optimum
the integrator during five years in space, a hybrid/ performance. The D.C. error signal generated is then
analog digital integrator is employed. In addition, integrated to provide the oscillator control signal.
the digital portion of the circuit offers a conven- The integration is performed by the hybrid circuit
ient natural interface for the direct digital control shown in Figure 3. The hybrid integrator consists of
of the quartz oscillator when the cesium loop is an analog integrator which, through upper and lower
inactivated; and it is relatively easy to change the limit comparators, drives an up!down counter. The
effective time constant of the overall integration output of the counter feeds a R-2R ladder network
circuit by remote switching. through relay contacts. Besides acting as low offset

switches, the relays also provide immunity to
Introduction transiert by providing magnetic storage of the oscil-

lator control voltage.
The design of a cesium beam frequency standard

for satellite use was started three years ago under a There are several unique advantages for this type
contract with the Naval Research Laboratories. The of circuit. The time constant of the total integrator
first units delivered were prototype units designed is the time constant of the analog integrator times
to operate in the NTS 2 Spacecraft . At present, two the total count of the digital register. Since the
cesium units are installed in the satellite ready for current system consists of a 10 bit digital counter
launch. Meanwhile, a second generation of standards and R-2R network, the integrator time constant is:
designed to meet the requirements of the Navstar-GPS
Program have been fabricated. Both the prototype and THI tAI xl124- 24
EDM units, unlike laboratory cesium standards, must For a particular total integrator time constant, the
survive a se-ere launch environment; operate unattendedfor many years; consume minimum amount of the available RC time constant can be 1/1024 of the value for aconventional analog integrator. Since the D.C. gain
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of the servo system is limited by leakage resistances powering both the beam tube as well as the electronics.
in the integrator, the ability to keep R small main- Three of the output voltages are regulated. The
tains high gain. temperature of the cesium oven is controlled by a

switching regulator using a thermistor as feedback.
The D.C. gain of the GPS system must be consid- The +15 VDC is generated by a series pass regulator.

ered in two error regions. For errors so small that The 2000 VDC electron multiplier supply uses an A.C.
neither limit will trip, the gain is controlled by regulator to attenuate modulation related frequencies.
the leakage resistance of the integrator. For errors
greater than this value, the limits will trip, and The entire power supply system runs on a clock
the gain is infinite until the error is decreased to whose frequency is adjusted to keep switching ripple
below the limit threshold level. If we assume an -12 away from the Zeeman frequency.
integrator gain of Iu and a system gain of 1 x 10
tIf/f/MV, than an error of I x 10

- 12 
Lf/f will produce System Performance

10 volts at the output of the analog integrator. For
errors greater than 1 x 10

-
12 Mf/f, the gain is in- The performance of the system must be discussed

finite; below this error, the gain is 10 and the in two categories; (1) survivability of the unit to
final system offset will be a maximum of 1 x 10-13 the launch environment, and (2) operational perform-
Af/f. ance of the unit in the on-orbit environment.

Another advantage of our system is the ability Survivability
to load the counting register with telemetry informa-
tion to control the oscillator frequency when the Difficulty in achieving survivability is most
cesium loop is not in use. notably caused by the expected random vibration during

vehicle launch. Figure 5 shows qualification and
In the standard designed for GPS, the integrator acceptance levels of random vibration for CPS satellite

has a 30 second time constant and the analog inte- units. The sub-assemblies most affected by these
rator .03 second time constant. The gain of the vibration levels are the beam tube and the oscillator.
entire loop is approximately .1, so that, the loop is Both of these devices have passed qualification and
about 3 seconds. The choice of the loop time constant have been discussed previously

2 - 3
. The major effort

was controlled by the radiation environment. Under of the mechanical implementation of the standard has
normal circumstances, the satellite environment is been the design of a small lightweight chassis of
very benign, indicating that time constants of hun- mounting the tube and oscillator without exhibiting
dreds of seconds might be used. However, under destructive chassis resonances. The chassis shown in
transients, quick recovery to lock is required, Figure 6 has been shaken to qualification level and
thus, a short time constant was chosen, its resonances examined. While many resonances exist,

they all exhibit Q's of three or less at the beam tube
C-Field Supply and fifteen or less at the oscillator. Tubes and

oscillators have been successfully tested in the
The C-Field current supply consists of a relay chassis.

register similar to that used in the integrator, a
stable voltage reference, a 10 bit 2-R2 resistor net- The electronics for the standard do not present
work and an output amplifier. The stability of the a major vibration problem as the techniques of com-
C-Field current is critical to the long term stability ponent and board mounting for vibratory environments
of the cesium standard. Errors can be caused by is well known. The majority of the electronics are
reference drift, resistor network changes and offsets contained on four printed circuit boards. Three of
in the amplifier. Tests on several units over the the boards; the servo board, the 14.36 MHz synthesizer
temperature range of -lO°C to +500C have shown current board, and the dac board (C-field, hybrid integrator,
changes which result in frequency errors of 3 x 10-15/ modulation generation) are contained on one side of
°C. The C-Field can be adjusted through telemetry the standard. The power supply is on a single board
commands to 4 x 10-13 Af/f. As in the integrator, mounted on the other side of the standard.
relays are used to act as a memory, should a transient
occur. Operational Performance

Power Supply As was pointed out earlier, the satellite operat-
ing environment for the Cs standards is quite benign.

Th power supply system shown in Figure 4 consists The temperature should be held within a few degrees
of a doubly regulated preregulator, 2 inverters, and centigrade. There will be no appreciable vibration,
several output regulators. An L-C filter on the input and variations in magnetic field will remain within
has a 200 hertz cutoff and attenuates high frequency hundreds of milligauss. Under these circumstances,
input and limits the supply ripple reflected back on the standard should perform as well as it does in a
the power bus. laboratory environment. The phase noise specification

for the GPS Program is shown in Figure 7 along with a
The first stage of the preregulator boosts the typical phase spectrum from the satellite units. The

input voltage (22V-30V) to 32V using a switching phase noise close t6 the carrier is higher than that
boost regulator. The second stage is a series pass of the oscillator because the loop time constant ts
regulator which produces a well regulated 31 VDC. short, thus allowing some beam tube degradation of the
Measurements on the line regulation of the preregu- oscillator spectrum.
lator show a minimum ripple attentuation of 100 db for
frequencies from 30 hz to 5 Klz. The stability of the unit is shown in Figure 8.

The very long term stability of the unit has not been
The regulated 31 volts is fed to two inverters measured yet, but based on previous prototype data, it

which produce a series of output voltages used for should be below 2 x 10-13 for times greater than 105
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seconds. The power consumed by he unit is under t UEDETECTUOR TI

25 watts, and the weight under 25 lbs. DSE
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SOME CAUSES AND CURES OF FREQUENCY INSTABILITIES (DRIFT & NOISE)
IN CESIUM BEAM FREQUENCY STANDARDS

David W. Allan, Helmut Hellwig, Stephen Jarvis, Jr., David A. Howe, R. Michael Garvey
Frequency & Time Standards Section
National Bureau of Standards

Boulder, CO 80302

SUMMARY instabilities in the magnetic field in the C-field drift

region; gradual changes in the cesium beam optics; pull-

Frequency drift of the order of several parts in ing by neighboring field dependent lines; etc. Basic-

1013 per year is often observed in commercial cesium ally, the performance of the electronics is dependent on
beam frequency standards, and on some occasions signi- the beam tube's characteristics.

ficant changes in the white noise frequency modulation

level is also observed. Recently at the National Bureau It has been shown that one of the main limitations

of Standards some standards with these types of problems to the accuracy of a cesijn beam primary frequency

have been analyzed and their velocity distributions standard is the cavity phase shift associated with the

measured. A comparison of the changes in drift and Ramsey microwave excitation region as seen by the

noise performance with measurements of the velocity cesium beam [1,2]. At this point we will develop a

distribution leads to some interesting interpretations: model which indicates that this is also one of the main

limitations to the long-term stability in cesium beam
Changes in focusing voltage at or in the vicinity

of the detector may cause the finite surface area of the frequency standards. From Ramsey 1 we have the tran-
sition probability near the Ramsey resonance for cesium

detector to act like a velocity selector; i.e., the
atoms with a velocity. v, as follows:

detection efficiency of cesium atoms mapped 
across the

surface of the detector changes with time as a result of p q = sin
2 

2bT cos
2  

1/2 - w - /T)T, (1)

changing electric fields which focus the cesium ion-

beam. Changes in the microwave power cause changes in where b is proportional to the square-root of the micro-

the most probable cesium atom velocity, which transduce wave power in the cavity, T is the time the atoms spend

via the Ramsey cavity phase shift into frequency changes. in each end of the Ramsey cavity, w° is the natural

resonance frequency of the cesium atoms, u is the micro-
The magnitude of the cavity phase shifts in a

wave interrogation frequency, 0 is the cavity phase
cavity was inferred by reversing the current through the

shift between the cavity ends, and T is the flight time
C-field inducing mixing of the m Fstates of the cesium atoms between the cavity ends (of course v

= L/T where L is the distance between the cavity ends).
I. INTRODUCTION

Now from eq. (1) it is clear that the center of the
A besic limitation in keeping accurate time with a resonance will be shifted from wo by an amount /T

cesium beam atomic clock results from its lon,-term causing a frequency shift in the standard of that amount

frequency instabilities. It is the purpose of this work due to the cavity phase shift. In most commercial

to investigate in a non-destructive way some of the cesium tubes, the "average" T is of the order of 1 ms,

causes of these instabilities and, in some cases, pro- so in order to have a frequency shift of less than 1

pose some possible improvements. part in 1012 requires p to be less than 60 microradians

or a synchronization of the microwave fields at the
II. BACKGROUND cavity ends to less than about 1 femto second (1015 s.

There are several possible causes of frequency in- Furthermore, the amount of microwave power (i b 
2
) present

stabilities and drifts in cesium beam frequency stan- in the cavity determines the most probable velocity of

dards. Specifically some of these are: microwave spec- atoms to undergo a transition; hence, for typical non-

trum impurities and aymmetry; distortion of the mod- zero kinds of cavity phase shifts encountered, the

ulation frequency; excess noise at the modulation resulting frequency shift may be highly dependent on the

frequency; ac and dc instabilities in the servo demodu- microwave power.

lator circuitry; servo loop gain degradation; frequency
A further complication arises because of geometrical

drift in the quartz crystal oscillator locked to the
imperfections and finite conductivity associated with the

cesium resonance caubing frequency drift in the cesium
r oends of the Ramsey cavity. Thib causes the cavity phasestandard's output due to too low a loop gain; drift and
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shift not to be single valued for a given cavity but to observed to be back positive at about the rate of +8 x

have a value dependent upon where the cesium beam trans- 10- 13/year. One will note that the frequency also returned

verses the cavity opening. In other words, the phase to about its same value as at the beginning of the life

shift, 0 , is a function of the coordinates across the of the tube.

cavity opening, which has been caLled the "distributed
The low velocity secondary hump seen in curve b of

cavity phase shift" effect (4,51. The distributed

cavity phase variations may be of the same order as the Figure 2 is also characteristic of this type of tube at
the beginning of its life 15]. It seems probable in

basic phase difference. Frequency shifts result which this case that gradual changes in the characteristics of
are a function of the beam trajectory location which

the detector (the only parameter changed in the modi-
itself depends on other parameters, such as microwave

fication) cause a preferrential detection of different
power.

velocities of atoms, which in turn may cause a frequency

In practice, of course, there is a velocity distri- drift via the cavity phase shift. We cannot offer a

bution, p (v), which convolves with the transition more detailed explanation of the actual physical changes

probability to give the typical kinds of Ramsey spectra (probably in the detector) beyond these phenomenological

observed. Knowing the velocity distribution and changes statements. Much more work in this area is required.

in it may lead to insights into beam trajectories,

trajectory changes and effects these changes might have B. Analysis of a new standard

on the performance of a cesium clock. Figure 3 is a plot of the average daily frequency

of the first 2 months of the life of a new cesium

III. EXPERIMENTAL RESULTS standard. It appears to be drifting positively at a

rate of about 1 x 10-1/year. Following this data a

A. Analysis of an older commercial cesium beam ,tandard

with significant frequency drift velocity distribution, p (v), was taken on 17 March 1977

and is shown in Figure 4. From thep (v) curve, one can

Figure 1 shows measured frequency changes of a generate [7] the corresponding Ramsey spectrum as

particular commercial cesium standard over more than 900 shown in Figure 5; the beam current intensity, IB, at

days [6J. One notes a positive frequency drift over the the detector as a function of microwave power as shown

first 100+ days and then a negative drift of about -2 x in Figure 6 (curve go), for which the frequency shift is:

0-12 /year over the remainder of the data. 
One notes

also a significant increase in the white noise FM level 'v
toward the end of the plot in Figure 1. For a white b 2L

noise FM process the spectral density is given by S y(f)
y where v is an appropriate average velocity.

= h where y is the fractional frequency, f is the P
0

Fourier frequency, and h° is the noise level. In this
0 The typical operating point for the microwave power

case one may write 0 (T) - lh/2 , where T is the
y 0 is with I set to a maximum, called "optimum power".

sample time in seconds for the two-sample sigma. The B
-11 -11 Clearly, at this point the v curve has a significant

values of h/ etfrom 1.2 x 10 to 2.6 x 10 p
to 8 xnon-zero slope; i.e. if the microwave power changes,

to a x 10 for 1975, mid-1976 and for 11 November then v will change, and if there is a cavity phase
1976, respectively. The velocity distribution of this P

difference or a distributed cavity phase shift then theparticular cesium tube was measured 6 December 1976 and
frequency will change.

is shown in Figure 2 as curve a. A modification was

made per the manufacturer's recommendation to the This particular standard has a temperature co-

circuit associated with the cesium detector. The velocity efficient of about -1 x 10"13/C in an operating environ-

distribution was again measured on 14 December 1976 as ment of 20*C to 300C. It was believed that a main cause

is plotted as curve b in Figure 2. Note that the maximum of this was due to microwave power changes a a function

velocity moved higher by about 10 m/s. Appropriately of temperature; i.e., one could see a noticeable change

compensating for the magnetic field correction and in the beam current monitor voltage as a function of

measuring the frequency before and after the modification temperature as shown in Figure 7. A similar temperature

showed a frequency increase of 2.8 x 10 " 12 and f= coefficient was obtained by applying localied heating

-12 

/

went to 7 x 10 (an order of magnitude improvement). at the harmonic generator which generates the microwave

The drift was measured over about a month and was



i'inual. No attempt was made to apply localized heating "scale" factor, (cavity phase difference and distributed

at the frequency multiplier which starts at 5 MHz. cavity phase shift) as small as possible via careful

fabrication and the use of small beam openings in the

Now, in the case of a mono velocity beam with the cavity.

appropriate (optimum) microwave power this velocity is
the same as v . From Eq. (1), one calculates that the Other mechanisms which can transduce microwave
off strenc v. o tEq firs sie cllob es simply power changes to frequency shifts include pulling byo ffset frequency o f the first side lobe is simply :ne g b r g fi l d p n e t l n s a d m c ow v i -neighboring field dependent lines and microwave In-

v purities or assymetry. We report on a net effect;
V - V = L (3) studies of other mechanisms are under way.

This equation will be somewhat modified when Eq. (i) is Based on the measurements reported here, a novel

convolved with a velocity distribution, but we can veri- power control could be built by constructing a servo to

fy that the offset frequency of the side lobe is strongly keep the first Ramsey side lobe at a constant frequency

and nearly linearly dependent on vp over the power range offset by controlling the microwave power. This may

of interest. Also, this dependence is, by far, the pre- significantly improve the long-term stability of such a

dominate determinant of the frequency separation of the cesium clock. For a stability performance equivalent to

side lobe from the main peak. Since v pdepends on 10 15 ,vms ecnrle oaot00% hsmybmicrowavnmust be controlled to about 0.01% this may be
microwave power, so will ' Figure 8 is a plot of the accomplished by sensing and maintaining the frequency

frequency dependence of the first upper Ramsey side lobe separation of the side lobe from the main peak to the

as a function of temperature as measured at the har- same precision; This means to about 0.01 Hz or I x 10
"
11

monic generator. This is quite feasible and would lead to response time

of such a servo of about 1Os.
Using the v curve in Figure 6 allows one to esti-p

mate the change in microwave power per degree assuming We reversed the magnetic field of a commeicial

Eq. (2) is nominally valid. Doing so -ndicates that in cesium beam tuoe whicn resulted in a frequency shift of

this particular standard the microwave power changes the order of I x 10
-

. It is unlikely that this effect

about -0.1 dB/*C. is attributable to a discrepancy between H2 (measured)

and H
2 

(seen by the atoms).
The fractional frequency shift of the cesium tube

(main frequency peak) is given as a function of and vP Consider, however, the following condition presentin Eq. (2). If the cavity phase shift P is of the order
in most commercial tubes (see Figure 9):

of I :. m rad (1,21, then for a tube with L

17 cm a velocity change of 1 m/s (about 1%) causes (A) The region between the sta-e selecting mag-

.... /2 - 10
-14

. From Figure 6, 1 m/s change is caused net and the shielded C-field region is

by a power change of approximately P = .6 dB at characterized by a rapid change in magnetic

optimum power. In other words, flicker noise of the field strength of over five orders of magni-

microwave power in the amount of .6 dB would limit the tude. Magnetic trimmers are installed to

.tandards' performance to a flicker floor of 10
- 14

. assure a smooth transition without abrupt

Furthermore, smaller values of L (shorter tubes) would changes and reversal of magnetic field components.

lead to worse performance according to Eq. (2), as well This condition is optimized for the given

Os steeper slopes of the v (b) curve (Fig. 5), for magnetic shielding and C-field conditions.

constant '. and v . A steeper v (b) curve is related to Reversal of the C-field leads to a destruction
p P

hroader velocity distribution (v) and a narrow velocity of this condition and thus to mixing of the

.1 tributLon results in relatively smaller dependence of mF-states via Majorana transitions.

, (it otimum power). (B) All presently used cavity structures in

:xta from ma*ny tuhes bear out this, assertion; i.e., cesium beam tubes not only have a small cavity

t - nrjrtr# titf. tub. and the broader (v), the worse the phase difference between the two interroga-
I otion regions of the Ramsey cavity, but also

i,, o , ;I, tL, i e: m -ter t a tb I t*.c ri i,- a variation of the phase across the beam

nmj,rn.v, t t,' t ', 1 t vel'J I h openinq in the cavity. This latter effect,

SI il lhir',wv V i dity t r bntr i, weI, , , the distributed cavity phase shift, causes
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a frequency shift which depends on the loca- method is proposed in this paper of improving the

tion of the atomic trajectories with respect control of the microwave power by one or two orders of

tQ the beam tube axis [6,73. The magnitude magnitude which may yield parts in 1015 stability.

of this effect, which limits the accuracy of Better cesium atom detectors, which are not cross

primary standards, was determined to be as section dependent with changes in the associated para-

large as several parts in 1013 for NBS-6 [2] meters, could significantly improve the long-term

and is estimated to be of the order of 10
-
12 performance.

to 10
-  

for commercial tubes. Magnetic field related frequency shifts can occur

not only via changes in the C-field but v-a mF-state
From (A) and (B) above, we construct the following mixing between state selector and C-field. However, a

explanation for the frequency shift under C-field minor redesign could control this effect.

reversal: In the original C-field direction, negligible

state-mixing takes place and the interrogated trajector- V. ACKNOWLEDGEMNTS
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IV. CONCLUSIONS

It now seems clear that significant improvements [9] In NBS-6 as well as in NBS-5 all measurements
reported in the past were done with the "correct"

are still possible in cesium beam frequency standards. C-field polarity, i.e., preservation of the mF . 0

The microwave cavity phase shift appears to be the state was assured by properly aligned trimmers for
both beam directions. We believed until now thattransducer of many of the inaccuracies and long-term the trimmers helped only to improve the signal

instabilities in such a standard. One needs to either strength.

reduce that shift or provide better control of those
elements which transduce via this shift to cause in-

accuracies and long-term instabilities. As an example a
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FIGURE 1 A plot of the relative frequency of a commsercial cesium beam
frequency standard with respect to the USNO frequency reference.
The frequencies are one day averages and the plot is of about
900 days starting about the beginning of 1974. (Taken from ref. [4])
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40 0C,
38°C- HARMONIC GENERATOR TEMPERATURE
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my1 BEAM CURRENT VOLTAGET~~A 
CURRENT OJEENLTVOTAGE

~CHANGE IN FREQUENCY OF

T_ -ETIERAMSEY SIDE LOBE10

FIGURE 7. A plot of the changes in _ _ _ 14_HOURS
the residual time error and - 14 HOURS -I
in the monitor voltage of
the beam detector current
as a function of the envir- FIGURE 8 A plot of the dependence of the temperature at the harmonic
ronmental temperature for generator (microwave source for the Ramsey cavity), of the
the same commercial cesium monitor voltage of the beam detector current, and of the
beam frequency standard of frequency of the upper first side lobe of the Ramsey spectrum
Figures 3 and 4. as a function of environmental temperature of the same

commercial cesium beam frequency standard of Figures 3 and 4.
The environmental temperature was moved from about 231C to
about 27.5*C and left at the latter temperature for the last
several hours of the experiment. The large dependence of the
frequency of the Ramsey side lobe is obvious and was simple
to measure; i.e., a frequency measurement was made every hour
with an averaging time of 11 seconds.
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F=3 FF=

F= C FIEL -M*I

C OVEN I REGION I
I st STATE 2nd STATE
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FIGURE 9 Frequency shifts due to distributed cavity phase shifts, 
6
(x,y)

and 6' (x,y) in conjunction with m-state mixing.

D depicts an assumed magnetic field discontinuity causing more
or less complete mixing of the m-states.

For illustration purposes, only one of several possible beam

optics configurations is depicted.
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RESULTS WITH THE SPECIAL-PURPOSE AMMONIA FREQUENCY STANDARD-

David J. Wineland, David A. Howe, and Michael B. Mohler
Frequency and Time Standards Section

National Bureau of Standards
Boulder, CO 80302

(303) 499-1000, extension 3224

STMMARY (10- 10/g) appear feasible. Servo offset problems have

been substantially reduced by using digital demodulators
A special-purpose frequency standard and clock has

in the feedback networks. Working at pressures where

been developed, featuring a novel 
combination of stabil-

collision broadening contributes to the linewidth allows
ity and accuracy performance, shock and temperature

one to easily null out pressure shifts; shifts smaller
insensitivity, instant turn-on characteristics, and the than 3.8 x 0" 9!Pa (5 x 0- 10/1m) have been observed.

potential for low weight, low power consumption and
Power consumption should be < 3 W and expected size of

fabrication costs. This device should be able to fill 3 
3

a metrology need not satisfied by 
presently available

improvements in performance can be expected.
atomic and quartz-crystal standards.

I. INTRODUCTION

The device is based on the well-known 3-3 transi-

tion in ammonia ( 23 GHZ), which provides the fre- The special-purpose ammonia frequency standard has

quency reference for a 1 0.5 GHz oscillator. This been developed because of the need for an oscillator

oscillator is a novel stripline transistor oscillator satisfying specific requirements not found in other

of high spectral purity. Its output is multiplied in precision oscillators. The design and goals of the

one step to K-band and the resulting output is passed present project have been discussed elsewhere [11;

through a waveguide cell containing ammonia. The briefly we seek an oscillator with accuracy (i.e., long-

detected absorption feature is used to frequency lock term reproducibility) in the 10
-9 

range and stability in

the 0.5 GHz oscillator to line center. To accomplish the 10
-
10 range. Other desirable features to be in-

this, the oscillator is frequency modulated at % 10 kHz cluded are environmental insensitivity, (i.e., low

and is locked by nulling the third harmonic of the sensitivity to acceleration, temperature, magnetic and

detected output. This technique discriminates to a electric fields) and instant turn-on capability.

high degree the effects of "background slope" pulling. Finally it is desirable that the device have low weight

In addition, pulling from the microwave cavity absorp- and volume and small fabrication cost.

tion cell is diminished by locking the cavity to the
To realize such an oscillator we have investioated

ammonia transition by nulling the fifth harmonic of the the scheme shown in Fig. 1. This basic scheme was used

detected output. A fixed output frequency between 5
in the first "atomic" clock (2) and was revived because

and 10 MHz is provided by direct division from 0.5 GHz. of its simplicity. In Fig. 1 a primary oscillator is

The observed stability is 2 x 10
-
10 from 10 to referenced to the 3-3 transition in N 1H 3 (22.79 5Hz).

6000 sec., and reproducibility is estimated to be For simplicity the frequency of the primary oscillatoy

± 2 x 0
-9

. The rather broad linewIdth of ammonia is chosen to be"- 0.5 GHz: this allows one to multir l"

(-100 kHz due to Doppler broadening) reduces iverall reso- in one step to the ammonia frequency an" at the sant,

Jution but allows a short 0.15 rs) servo attack time directly divide the oscillator outpu.t fieiincy 0

time, thus reducing the acceleration sensitivity of the rroeuc an output freque'nr' :;,- , M!z which i I-ar-

primary 0.5 GHz oscillator. I;, (!_- respect 't' otal." rct t t': arni: a f :w- " '

armonia absorption device may have a unique advantage. cation factor = 443 . rie oscill.itur i a si-t I

Linewidths of most other prec(icn oicillto re rir14 -- ' "', " " i, ,- :

considerably narrower, resulting in longer attack times mounted st,p recovery dode,. i! a'm'' to , -1

needed to lock the primary (\'bration cenrit:.'e) r, , il- is sirnple closed c]' in, 'h, liv r '1 . "

lator to the (vibratioi, insensitivej frequency refer- availahl 1. r. modu 1c.

ence. Vibration sensitivities as small as 10 /im
Below we discusr th s.ster an; thi ry2 t:"

This research was supported by the Advanced Resartch tained. It i. colnve .ent tc -:,%r first r s'i -
Project Agency of the Depar-en of -feens- 3Id war

monitored by AP , andcr Cuntracn #* . -nt- or 1 , "It- .4 ' ... . . . .

der, multiplier, ammonia cell ani miciuwave avity, ar,2
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servo system. We then discuss results obtained on forward transconductance and a high cut-off frequency.

stability, accuracy (reproducibility), ammonia cell
Oscillator noise is generally characterized by lowde,,elopment and sensitivity to environmental para-

frequency (near carrier) flicker noise behavior and high

meters. Finally, we note future possibilities based on
our present results. frequency (far from carrier) white phase noise. Sources

of noise may be multiplicative or additive. Causes of

II. ', 0.5 GHz PRIMARY OSCILLATOR AND DIVIDER flicker behavior are difficult to identify in many
instances, but helpful in the reduction of flicker

In reviewing the possible oscillator designs, it

noise is the selection of a transistor which is manu-
appeared that an oscillator using a simple LC resonator

should be investigated. Advantages to this design factured with care and in a clean environment, since

include: flicker noise may relate to sporadic conductance through

the device due to impurities. White phase noise is

11) wide tunability, usually associated with additive thermal noise of

(2) continuous operation under very adverse components and/or transistor parameters, one can resortconditions (shock, vibration),
to devices capable of higher signal levels in order to(3) good short-term stability,

(4) low cost. get above a fixed noise level. A trade-off exists

between white phase and flicker noise, however, since
An oscillator was developed operating at about 0.5 higher device currents usually aggravate the flicker

CHz and having a free-running stability as shown in noise problem. We have arrived at a compromise solution

Fig. 2. The curves were obtained with a divider chain which gives suitable performance in the NH3 standard.

(1 100) after the 0.5 GHz oscillator. These data were The curves shown in Fig. 1 represent a higher device

computed using the two-sample variance for different drive level than is comon in, say, quartz-crystal

averaging times [3]. The bandwidth of the measurement oscillators.

system affects the variance in the case of white and

flicker of phase type noise; therefore, two curves are At frequencies around 0.5 GHz, transistor package

plotted around the averaging times of interest (A 10 parameters (inductance and capacitance) and stray para-

ms). The oscillator features a P C. board etched sitic elements such as connecting lead inductance and

strip as a transmission line resonator (stripline stral capacitance all contribute to the fundamental

resonator). In the design of a high-performance strip- resonance. If one is to achieve a relative frequency

line oscillator, we must address three principal stability approaching 1 x 10
-9

, then it is imperative to

problems (4): maintain resonator inductance and capacitance values

stable to this level. The greatest deterrent to main-
(1) minimization of resonator losses,

(2) minimization of additive transistor noise, taining high inductive and capacitive stability is

and vibration sensitivity of the oscillator. This problem

(3) shock and vibration isolation of the resonator, of microphonics has been reduced by using the three-

layer P. C. noard and rigidly mounting all components
There are other problems which must be looked at, but and leads with a low-loss doping compound. The oscil-

these three represent the major contributors to degrad- lator is in turn rigidly fixed to an aluminum block

ation in stability. which acts as the shield for the components. The test

block weighs about 3 kg. Depending on the application,Radiative loss is minimized by adopting a three-
one can rigidly mount or soft mount the oscillator into

layer sandwich etch technique. In this design, two
a system. If :'igidly mounted, structure-born vibration

ground planes are used on the' top and bottom 
surfaces

is directly applied to the oscillator. A soft mount
of the P. C. board with the stripline centered in the

dielectric. To keep loss to a minimum, fiberglass- designed to isolate the oscillator from vibration can

teflon which has a small loss tangent of about 10 -3 is reduce the transmitted vibration at higher frequencies

at the cost of increasing the vibration sensitivity atused for the dielectric. The stripline itself is a 7
a lower frequency. Damping material can also be used tocm length of copper which is 1 cm wide and 2 nsa thick.
alter the vibration response.

Contact resistance is minimized by using 
silver-solder

on all connections. The unloaded Q of the resonator at In the ammonia standard, the problem of vibration

0.5 GHZ is about 400. Loaded Q of the resonator is sensitivity of the fundamental oscillator is s; :

maximized by the use of a field-effect transistor as il ca e- of :,hock and vibration wh, "

the active element [5). It is chosen to have a high of the survo systun I exccdud ,I Ih " j .
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vibration is shorter than the servo attack time, sizes as would be necessary for almost any other gas

A key incentive for choosing a wide spectral line is cell.

that the servo attack time can be small. Since the

NH 3 resonance is -100 kHz, this enables the use of (2) Since ammonia remains in the gas phase for the

fast loop response. The design of the oscillator temperature range of interest (-400 to +60oC) the device

mount should yield a vibration response in which fre- has instant turn-on capability. One must, however,

quencies of -100 kHz and above are suitably attenuated, note the existence of a pressure (therefore temperature)

The division from 500 MHz to 5 MHz uses one ECL dependent frequency shift; this is discussed more

decade divider followed by a TTL decade divider (from fully below.

50 MHz to 5 MHz). A level translator was used between

these I.C. 's. The ECL divider contained an internal (3) The frequency of the ammonia transition is

wideband amplifier thus allowing good isolation between fundamental in nature and therefore essentially elimi-

divider logic and the source. In short term (< 10 nates the need for calibration of the device.

ms), the white phase noise of the dividers set a limit (4) The ammonia transition linewidth is fairly

on the stability at 5 MHz. broad (- 100kHz). This is a disadvantage in terms of

the ultimate accuracy obtainable, but it allows the
S PLIER primary oscillator to be locked to the ammonia reference

It is desirable to make a multiplier module with in very short times (> 1.5 jis). This allows a signifi-

fairly low output Q (Q :S 10) and output power > 10 11W. cant reduction in the acceleration sensitivity of the

We use state-of-the-art step-recovery diodes in a primary oscillator.

waveguide multiplier module (See Fig. 3.). In simplest

terms, the problem is one of impedance matching for (a) Choice of 3-3 Transition in N15H3

both the input and output circuit. For example, for

the input circuit Cu 0.5 GHz) the dynamic diode is- The reference transition was chosen to be the 3-3
pedance is Z - 1Q. Therefore, two 7t section trans- line in ammonia because of its large signal strength

formers are cascaded to match to the 50a output im- 6. The N15H3 isotope was chosen because the N
15

pedance of the 0.5 GHz amplifier. Approximately 0.5 W nucleus has no quadrupole moment and therefore it is

input power is needed to "snap" the diode properly. To free of the quadrupole structure which makes the 3-3

accomplish this, a microstrip hybrid class "C" ampli- line of the N14H3

fier is used. The amplifier, microstrip matching causes the apparent line center to depend on FM modu-
lation amplitude and microwave power. Uncertainties as

circuit and multiplier module are integrated into one m o

package in order to avoid instabilities due to connec- large as approximately 4 x 10 could be expected from

tions. The output circuit is composed of a shorting this asymmetry.

stub and iris coupling to form a cavity (Q 10) with The results of three high resolution determinations

the diode approximately matched to the characteristic 3 15of the 3-3, N 3 Hfrequency are:

impedance of the narrow height waveguide. 
In the

interest of rigidity and simplicity, shims are used = 22 789 421 731 1 Hz [71

rather than movable plungers. With ' 0.6 W input power 0
--= 22 789 421 701-+1 Hz [81

to the diode, output power of approximately 100 PW was o

obtained. V = 22 789 421 672 55 Hz [9].
0

IV. AMMONIA GAS ABSORPTION CELL These measurements were taken with ammonia beam masers

The advantages of using ammonia as the reference and show that although rather high resolution can be

"atom" are: obtained, a conservative uncertainty in one's knowledge

of the frequency is about 10
-

. For our work we

(1) The microwave transition of interest provides therefore assume:

an absorption signal which is orders of magnitude V = 22 789 421 700 (1 10
- 9

) Hz.

stronger than those of other interesting molecules or 
o

atoms [6]. This is a significant advantage because it

means that the desired signal-to-noise is obtained

without resorting to impractically large microwave cell
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(b Amonia Containment and the copper pinch-off was then sealed.

Most aspects of the present device could be tested
(c) Microwave Cavity for Amnia

in an experimental apparatus using a gas flow system

for the ammonia [1). A simple gas flow system could be Conceptually, the simplest approach would be to

used in the final device but the added complexity is a pass the microwaves through the ammonia and servo the

disadvantage. Therefore, it is desirable to develop frequency of the oscillator to the point of maximum

permanent closed cells, absorption. No errors would occur with this method if

there were no reflections at the ammonia cell interface
The problem of ammonia containment is well known; and if the source and detector were perfectly matched

in a simple cell using brass or copper waveguides, to the microwave guide. Such is hardly the case in

reaction of ammonia with the cell walls causes rapid practice and since reflections occur at both sides of

disappearance of the signal particularly if water vapor the ammonia cell, it is effectively contained in a

is present or the waveguide walls are not sufficiently cavity.

clean. Also, even in a clean environment, chemisorp-

tion with certain metals is noted [101. Various inert Frequency pulling due to cavity mistuning is a

cell coatings were considered (1, however it was felt familiar problem to designers of atomic clocks. In a

that a simpler approach would be to make cells from passive standard such as the one discussed here, the

inert materials whose cleanliness could be insured, frequency at which microwave absorption is maximum is

given by [111:
Two basic problems are encountered in obtaining Qc

such a cell: (1) a provision must be made for evacu- (V - o) = (Vc - ) (1)

ating, baking, and cleanly sealing the cell, (2) the

cell must form part of or be included in a microwave where V = unperturbed ammonia frequency0

cavity for interrogation by the microwave radiation. V = cavity center frequency
c

This implies that the material used for the windows

must be nearly lossless and be easily bonded to the Qc - microwave cavity Q

rest of the cavity. Two basic schemes were tried and QZ = amnonia transition Q

although not enough work has been completed on cell and the expression is valid when: (V - V )/V « l/Q"c 0 0o/ "  /c'
development, the results are encouraging. Qt >> Qc"

First cells were made with quartz cylinders of This result fo'lows simply from the fact that the
rectangular cross section which could be inserted into ammonia and mic owave cavity form a system of coupled

X-band waveguide. Both ends were extended and drawn complete oscillators. Therefore varying the frequency

into points to provide a seal. Quartz was used because of the cavity changes the apparent frequency of the

its microwave losses are negligible. The cells were ammonia line. In a cavity formed from a section of

baked under vacuum at 3001C for 30 hours at a pressure waveguide the importance of reflections is illustrated

of < 10-4 Pa (1 Torr 133 Pa). Ammonia was then by example: If we made an ammonia cell from a section
backfilled at pressures between 0.13 and 0.67 Pa (10 of copper WR-42 waveguide of length £ and if the
Torr to 5 x 10-3 Torr). No attempt was made to purify windows had (real) voltage reflection coefficients of
the anmonia which was contained in a lecture bottle and value r v , then the effective Q of the resulting cavity

admitted to the cell through a metal leak valve. The is given by:

cells were then sealed off by heating a quartz pinch- Qc = 4t Xgrv/X(

off. c gv 0 (2)

A second type of cell was made of stainless steel where g = guide wavelength
g

K-band waveguide. Windows were made of quartz which X 0 free space wavelength.
o

were mated to brass flanges with pressed indium seals.
Ammonia was admitted through a copper pinch-off which If we choose r = 0.2, Z = 50 cm [121 and since X -

v g

was silver soldered to the broad face of the waveguide 1.59 cm, X . 1.31 cm at the frequency of interest then

in which small holes were drilled. The cells were Qc = 115. From Eq. 1, we see that we would have to

baked at 1006C for 50 hours at a pressure of < 10
- 

Pa. tune the cavity to 0.02% of its linewidth to obtain iO

The gas was admitted as above (without purification)

Mim



accuracy in the output frequency. Since the expansion from the source and the detected power do not depend on

coefficient for copper is ac = 1.5 x 10"5 /C and Qt = 2 frequency. Eq. 1 yields the frequency v where the

x 105 then the frequency dependence on temperature due absorption is a maximum. To facilitate the detectioi of

to cavity pulling would be: this condition, source frequency modulation is used.
This technique is well known and is used in other atomic

aV Q a 0-8/C. clocks including cesium, rubidium, and the passive

hydrogen standard [15]. Basically, we frequency modu-

Because of this rather strong sensitivity and because late the source at frequency v. so that the time depend-

it is difficult to make reflectionless windows for the ence of the microwave field from the source is:

cavity, one must servo the cavity to line center. A E = E cos Ce t + 4-- cos W t + 0),
0 S W0 m

few possibilities exist for accomplishing this. One is m

to separately sense the cavity frequency with microwave where s = average frequency of source,
power applied symmetrically to either side of the w

cavity resonance (13]. However, frequency-to-amplitude Aw = peak frequency excursion,

conversion is a severe problem with the low cavity Q Wm = 2 lim (angular modulation frequency),

obtained here and such a method is precluded. If Q=

could be varied, then one could look for zero change in = arbitrary phase angle,

output frequency when this is done; this assures V - Aw/wm E modulation index.cm
V = 0 in Eq. 1. This could be accomplished by symmetri-0

cally broadening the line by applying a magnetic field When vs - Vo Z Av (AV, = ammonia linewidth) the

[14]. Unfortunately this broadening is only " 7 MHz/T detected signal will have an oscillating component at

(1 Gauss = 10 -4T) and therefore a rather large magnetic frequency V m; the phase and amplitude of this component

field modulation is required to appreciably broaden the will vary as a function of frequency as shown in Fig.

line. Another disadvantage of this scheme is that it 4(a). These curves are the voltages observed at the

requires a second reference oscillator in order to outputs of the mixers in Fig. 5. This "dispersion"

detect frequency changes when the magnetic field is curve is used to servo the primary oscillator to the

changed. apparent line center by finding the condition at which
the dispersion curve has zero output. When A«/. << 1,

A third method exists and, to the authors' know- the frequency at which this occurred is given by Eq. 1.

ledge, has not been used previously. It is discussed However for &Vw/, 1, Eq. I must be slightly modified.
m

in the next section. Also we note the appearance of higher harmonics of vm

in the detected output; in particular, the amplitudesV. SERVO SYSTEM
and phases of the higher odd harmonics have similar

The basic requirement of the servo system is that "dispersion" characteristics. Figures 4 (b) and (c)

it force the frequency of the primary oscillator V. show the dispersion curves for the third and fifth

0.5 GHz) to be at a subharmonic of the ammonia transi- harmonics respectively when &)/m is adjusted to give

tion frequency. of course, various systematic effects maximum slope near the center of the pattern. (Vertical

shift the apparent frequency of the ammonia transition; scales are changed for each part of Fig. 4.) We can

these must either be eliminated or controlled in a then use the dispersi .' curvas of the higher harmonics

known way. Although the performance of the device is to lock to line center. Two important points should be

not high when compared to a state-of-the-art atomic made:

clock, the demands on the servo system are rather high.

This is because we are trying to resolve the rather (1) For large modulation amplitudes &4)/m > 1 it

can be shown that Eq. 1 is modified to the form:
broad resonance feature (i.e., "split the line") to-5c
about 10- 5 or 0.001 percent. Therefore, state-of-the- V - o K (n)C (V o  (3)

art techniques must be employed. Below we discuss the c

effects of cavity pulling, distortions in the source where K(n) is close to unity but varies by factors of

and detector and servo offsets and drifts, two or three as e is varied. It is also a function of

the harmonic number observed (n) and in general K(n)
(a) Cavity Pulling K(n') for the same Aw. We have used this last fact to

We assume here that the microwave source and simultaneously servo the oscillator and cavity to line

detector are perfectly flat, that is, the power output center therefore avoiding cavity pulling. As shown in

A



Fig. 5, the third harmonic dispersion is used to lock the detector which the servo then compensates for by

the multiplied primary oscillator to apparent line shifting V s to a value below vo . Since A,/2 -- AV1 in

center, i.e., the condition: practice, then if AM of amplitude $ exists as discussed

!c (above, 
we would have:

- o=K3(V -V 1O
)

(4 (6)
(5 0 o - 1I

is satisfied. The fifth harmonic dispersion is used to

lock the cavity to the line center, i.e., the condition:

the fundamental dispersion lock (at vm) if the signal

- = K(5) c (V - V ( from the ammonia is only a small fraction (y) of the

o c 0 signal reaching the detector because essentially all of

is satisfied. Since K(3) # K(5), conditions (4) and (5) the AM on the input rf reaches the detector even in the

can be satisfied simultaneously only if V - v = v - absence of ammonia. In this case:

(Vs -0 v) Z - a (AV ) (fundamental lock).

(2) The use of the above scheme causes some loss

of signal strength; to give an idea of this loss we have However, for the third and fifth harmonic locks, Eq. 6

measured the ratio of the slopes [SL(n)] of the dis- applies to a high degree. The third and fifth harmonics

persion curves when the m~crowave power is kept fixed appear at the detector only because of the presence of

and when the slope is maximized for each harmonic, ammonia. This is one reason for using thu higher

We measured: harmonic locks.

SL(l) : SL(3) : SL(5) = 1.0 : 0.42 : 0.26
If the source is "flat" with frequency and the

From the standpoint of signal strength it would be detector is not, the problem is not as severe as it is

better to use the fundamental and third harmonic locks for the source. Since we are locking to the third and

in the above scheme;however, conditions (outlined later) fifth harmonics of vm then s~urious third or fifth har-

led us to choose the third and fifth harmonic locks. monic signal is generated -aly because the curvature

We note that a further slight reduction in signal (nonlinearity) of the detector converts the FM (at

strength or slope ( <10%) is observed when the system is frequency vm) into AN at freqiency 
3
VM or Svm. Since the

optimized for the third and fifth harmonic locks simul- curvature of the detector should be small this type of

taneously. offset should be negligible. This is another reason for

The microwave cavity is formed by a combination of using the third and fifth harmonic locks as noted in

shunt impedances due to the windows and added reactances 
sect. V(a). Third harmonic lock of the primary oscil-

at both ends of the ammonia cell. Electronic tuning is lator [16] also discriminates against background slo- !s

provided by a varactor diode at one end of the cell. 
(for example, due to overlapping transitions) but this

is not a problem for the ammonia device.

(b) Distortions in the microwave source and detector

In general, it is easier to make the detector flatIn general, the source and detector are not "flat"
and control its flatness forthsore Teeoew

with frequency; that is, frequency to amplitude con- 
the source. Therefore, we

version occurs which shifts the apparent frequency of 
have servoed out the AN (at frequency viM) in the source

the ammonia transition. The most serious problem by nulling the signal (at Vm ) observed at the detector.

Since the detector may not be perfectly flat, this

occurs in the source. Briefly, frequency-to-amplitude

conversion occurs because of the (slightly mistuned) 
introduces a systematic offset of the type in Eq. M.

reactances in the source. In time domain, a qualitative It is important that this esidual slope in the detector

picture is given by assuming that as the frequency of 
remain fixed in order to assure long-term stability and

the source swings below v0, its amplitude increases; as reproducibility. As noted below in Sect. VI(C), it may

its frequency swings above v 0 its amplitude decreases. be desirable to make a detector with a specific slope

Assuming that vc - Vo' and i v o then the signal from which can be used to compensate the frequency shift due

the ammonia absorption would be stronger on the 
low side to pressure.

of v than on the high side. Equivalently, there exists
a rIt is critically important to null the fundamental

resdua sinalcomonet a (ad 
3 ~ ad S~)frequency signal component (Um at the detector for



another reason. If this is not done, then signal at 4. excellent low pass filter characteristics

v m can mix An the detector with the rather strong sig- 5. excellent environmental immunity.

nals at 2V and 4v to give signals at 3vm and 5v
m m I These positive aspects were weighted against the follow-

which gives further offsets. These offsets are avoided ing observed shortcomings:

by exactly nulling the fundamental signal component of 1. lower useful modulation rates necessary

the detected output. 2. quantization noise (additive white noise).
Finally, one must insure that FM distortion does

not occur at the oscillator. For example, second hat- At modulation frequencies approaching a few kilo-

monic FM distortion (17) due to a signal component of hertz, the analog comparator and integrator begins to

frequency 2v at the FM input causes a signal component outperform the digital approach with regard to usable

at 3\m at the detector because of the strong nonlinear- feedback gain and additive noise. The ultimate servo

ity of the ammonia line. For the ammonia device, such for the ammonia device (which can use modulation fre-

distortion is avoided by insuring that the second hat- quencies approaching 100 kHz) is one using both analog

monic of the FM input is > 75 dB down from the funda- and digital techniques: the analog portion to respond in

mental. This is easily accomplished with passive fil- short-term and digital portion to respond in long-

tering, term.

(c) Servo phase comparators and integrators VI. RESULTS

Conventional analog phase comparators have output (a) Stability

voltage offsets due to an asymmetry which may exist in A plot of the frequency stability obtained with the

the signal switching portion of the device. Here the ammonia based oscillator is shown in Fig. 2. These data

signal from the microwave detector undergoes a 180* were computed using the two sample variance for differ-

phase reversal at each half-cycle of the reference sig- ent averaging times (3); frequency drift has not been

nal (third or fifth harmonic of modulation frequency). removed. The results using the free running .0.5 GHz

The signal path through the comparator for one half- stripline oscillator have been discussed in Sect. II

cycle versus the other half-cycle must be identical to ve The data shown for 10
-2

abov. Th dat shon fo 10 sec to 10 sec were taken

realize zero offset; however, this is difficult to with the oscillator locked to the apparent line center

achieve and therefore offsets will exist. These offsets using third harmonic (3 vm) dispersion lock discussed in

not only affect the accuracy of the locked oscillator Sect. V; the cavity was unlocked for this data. The

but also the stability, since they are observed to longer term data (10 sec to 6 x 103 sec) were taken with

change in time. the complete system shown in Fig. 5 using a cell volume

The phase comparator is followed by an integrator of 230 cm to increase signal strength. In both cases

to realize a second-order loop filter. Analog inte- data were taken with a gas flow system in order to

grators suffer from input voltage offsets. Further- directly monitor pressure; the problems of stability and
cell-cavity design have been separated to simplify

more, the common analog integrators, 
having a capacitor

in the negative feedback path, have finite 
DC gain set development.

by the amplifier; a practical limit is about 140 dB. The shorter term data were taken with a small cell

Capacitor leakage also degrades the 
analog integrator's 3

(25 cm 3) to illustrate the relatively good stability
performance.

obtained with small cell sizes. When the short term

A new phase comparator and integrator has been data (locking only the oscillator) were taken with the

designed and built which employs digital electronics larger cell, (230 cm 
3
) approximately a factor of five

-2 sc
and can directly replace currently used analog circuitry. improvement in stability was observed between 10 sec.

Since the line-splitting goal in the ammonia standard and 1 sec. The cause of the flicker behavior (flat-

is high ( -1 x 10 ) to achieve 10
" 0 

stability and tenina of the o (T) curve) is not understood at this

-4
the offset must be -.1 x 10 or lower, there was in- time but improvements could be expected, thus improving

centive to pursue techniques other than analog. Vir- the stability by at least a factor of five over the

tues to the digital system are: whole range.

1. negligible voltage offset

2. no capacitor, hence no leakage 
(b) Accuracy

3. Infinite gain at D.C. For the reasons outlined in Sect. VI(c) below,



accuracy obtained will depend on system parameters such plotted fractional frequency offset fror an orrirar

as ammonia pressure and detector slope. Since one is reference oOintl versus pressure. We note that at hign

really interested in frequency reproducibility between pressure (P 0.2 Pa) that a factor of 2 cnange ir.

units and over long periods of time (years), the re- pressure gives a fractional change in frequency of less

producibility and stability of these system parameters than 10-9
.

is of primary importance. We estimate that the accuracy

obtained in the above sense is approximately + 2 x 10
-9  

Therefore, one could hope to set the detector slope

if the detector slope can be held to t 2% of its initi- such that - 2- and greatly reduce pressure(and temper-

ally set value. This estimate is explained below; data ature) sensitivity. If z changes, however, then the

is still needed in very long term and between different frequency would change so that at high pressure ('. >

systems. _"o):

(c Systematic frequency offsets 0('/o) p

It is felt that the two most important systematic o

frequency shifts are those due to pressure and detector L - 230 kHz, E a 0.01, then if changed by 1%,

slope. Assuming the detected fundamental (signal at ,) -
m the output frequency would change by -10

-
. More work

has been electronically nulled, then there can still be is needed to improve the above scheme and of course

a systematic offset if the detector is not flat; this other pressure compensation schemes are possible.

offset is expressed by Eq. (6) where 8 is the AM of the

rf and where we have assumed that the total rf signal is (d) Ammonia containment

much larger than that due to the ammnonia y << 1).

[This is the case except when the cell is very long (Work with closed ammonia cells needs further develop-

10 m) and/or the reflection coefficients at the cell ment but first results are encouraging. For both types

of cells the pressure appeared to stabilize about twocavity interfaces are very high.] Av1 is written ap-

proximately as [6,14,18]: days after sealing the cell. (Observed signal dropped -

1/2 30% initially.) First results indicate the stainless

L = [(L,0 )2 + (ALp)
2 1 steel waveguide cells to be slightly better and after

initial stabilization signal degradation was less than

where A Co 
( 

-100 kHz) is the line broadening due to all 10% after a few weeks. Future work is needed to in-

causes (primarily Doppler effect) except for ammonia- sure cleanliness and integrity of the cells and better

ammonia collisions, and Avp is the linewidth due to results are anticipated (See Sect. VI.f.(2) below).

collisions (pressure).

(e) Integrator-demodulator stability
The frequency shift due to pressure is written as:

The analog and digital demodulators can both be set

6 p = a UP to give initial offsets corresponding to frequency

inaccuracies of less than 1010. Therefore it is critical

where a -0.01 [19]. Therefore, the total shift due to that their drift be minimal. To check this, the system

detector slope and pressure is given by: was first locked using the digital servoes. The input

6 r-a (V) A 21 1/2 + Vsignal was then also applied to the inputs of separate

p + digital and analog Aemodulators and the outputs were

monitored in time. If no drifts exist in these separate
The important point to note is that at high pressure demodulat,rs the output should remain constant in time.
(Avp >> Ato ) we have: Fig. 7 shows the results of a typical measurement of

this kind. The analog demodulator was the better of two

a( 6 B + a commercially available high performance lock-in ampli-
3AVp fiers. Over about'a 20 minute period, the digital

Therefore, if B - c6 then the change in frequency with offset drift was smaller by more than an order of

change in pressure is very small, therefore reducing magnitude over the analog offset drift. The vertical

pressure (and temperature) shifts. For this condition, scale in Fig. 7 is calibrated in terms of the equivalent

when Avp << 1 O then a(6V)/) A - a. Experimental fractional frequency offset of the primary oscillator;

verification Of this is given in iit. 6 where we have t therefore appears that the digital system is adequate.



Efforts continue however to find better analog the detector.

demodulators.
(3) Electric and magnetic field sensitivity

(f) Environmental sensitivity Electric fields are only of importance in the

(1) Vibration sensitivity construction details of the gas cell where thermo-

Because of the fast servo attack time allowed in electric and contact potential problems may be present.

the ammonia standard, sensitivity to vibration should be A worst estimate can be based on the most sensitive

low. This is true to the extent that the apparent hyperfine component of the (3-3)line; for this we have a

absorption line is stable and that there is sufficient relative shift of about 10
-9 

E
2 

(E in V/cm). Since

servo gain at the vibration frequency, electric fields surely can be limited to less than 0.1

V/cm, this does not appear to be a problem.

The effect of vibration suppression can be seen by

observing the spectral density of phase fluctuations S(f) To first order, application of magnetic fields

of the 500 mHz oscillator umder vibration. An example causes only a broadening of the ammonia line. This

of such a measurement is shown in Fig. 8; one curve has broadening has been observed to be 141:

the oscillator locked to the ammonia and the other with

it unlocked. Vibration frequency is 40 Hz sine with a 3(6o)
peak acceleration of 5m/s

2 . 
We see at least 45 dB - = 7 x 10 kHz/ T (lT = 10 Gauss)

reduction of the power in the 40 Hz additive phase

spectral component when the oscillator is locked. This If the pressure shift compensation scheme of Sect. VIc

represents an acceleration sensitivity of at most 5 x is used, then a residual frequency shift due to magnetic

10
-11 

s2 /m (5 x 10-10 /g). field will exist:

In a systems design, it is desirable to build and 1 a(0) 2 (V) (Lvo) 4

mount the oscillator so that vibration sensitivity is as V 0 H (Avo ) aH 3x10 c/T

low as possible for vibration frequencies outside the 10-6/T = 3 x 
1 0

1/G.

servo loop bandwidth. Since the bandwidth can be made

wide in the case of the NH3 standard (approaching 100 Therefore in extreme magnetic field environments some

kHz), some flexibility exists in the choice of the simple magnetic shielding may be required. The second

oscillator's mechanical design and supporting structures order Zeeman effect is extremely small; the relative

(see Sect. II.). shift is about 2 x 10
- 7 

H
2 

(H in Tesla) and is therefore

negligible [8].

(2) Temperature sensitivity

Temperature will affect the most critical param- VII. FUTURE PROJECTIONS
eters affecting accuracy and long-term stability; i.e.,

pressure and detector slope (see Sect. VI.c.). Data was At the present time a fully integrated prototype

not taken on detector slope; however, to obtain +2 x has not been constructed; for simplicity the separate

10
9 
accuracy, the slope of the detector must be main- aspects of the device were investigated individually.

tained to about 2% over the operating temperature of the However, some estimates of physical parameters can be

device, made based on the present results:

(a) Size requirements The lower limit on size will

primarily be limited by the size of the ammonia
by measuring signal strength as a function of tempera- cell. It is expected that the cell should occupy
ture on the sealed stainless steel waveguide. 

In this

no more than 1 liter volume; hence the overall
way we observed a sensitivity of I/P aP/aT

package may be from 1-2 liters in volume.
0.05/°C. That is, a change of 5% in pressure was

observed for a change in temperature of 11C. If the (b) Weight requirement With proper choice of materials

compensation scheme of Sect. VI.c is used, this gives a the expected final package weight should be less

temperature coefficient of 2 5 x 10- 11/C. However, for than 2 kg. For operation in extreme magnetic

good accuracy and stability at low ambient temparatures, fields, shielding may have to be included; this

some minimal temperature servoing may be required. For will increase weight by approximately 1/2 kg.

example, one could servo the temperature to always give (c) Power requirements The basic electronic components

a fixed signal by observing the 2nd harmonic signal at of the present configuration are shown in Fig. 4.

- - ....-. -
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DETECTING AND MIXING AT FIR/SUBMILLIMETER WAVELENGTHS
WITH SUBMICRON SIZE SCHOTTKY BARRIER DIODES*

M. McColl, D. T. Hodges. A. B. Chase and W. A. Garber

The Ivan A. Getting Laboratories
The Aerospace Corporation

El Segundo, California 90245

Abstract highly nonlinear relationship between I and V ex-
pressed in (1) is responsible for the success of the

Progress on fundamentsl mixing experiments at Schottky diode as a detector and mixer.
submillimeter wavelengths using submicron size
Schottky barrier diodes in an open mount is presented. The operation of the Schottky barrier detector
Minimum detectable powers for the mixer of at wavelengths considerably greater than the plasma
3 x 10-14 W/Hz at 118.8 gm and I x 10-17 W/Hz at resonance wavelength X (approximately 5 gm to 0m ]ir
447 pm are obtained. The result at 118.8 um repre- for Si, Ge, and GaAs, depending on the material and
sents a several order of magnitude improvement for doping)t

0 
is best understood by examinating the

a Schottky barrier mixer at this wavelength, and the equivalent circuit of the diode shown in Fig. la. I
447 Jim result is the smallest to be reported for a The element R represents the nonlinear junction re-
Schottky diode employing an open mount. The ration- sistance that provides the rectifying volt-ampere
ale for using ultra small contacts is discussed, behavior necessary for detecting and mixing. The

spreading resistance R s is the resistance in the bulk

Key words: Schottky Barrier Diode, Far Infra- of the semiconductor which results from the constric-
red Mixing, Submillimeter Wave Mixing, Electron tion of the current near the metal contact. Z., is the
Lithography. skin effect resistance. The equivalent circuit shown

in Fig. lb becomes appropriate for wavelengths near
Introduction X where carrier inertia and displacement current

effects within the semiconductor become dominant. 12

The Schottky barrier diode is the dominant mixer At X , Z s is resonant and approaches an open circuit
at microwave and millimeter wavelengths. It provides condition.
the widest bandwidths and lowest noise figures avail-
able from a room temperature device, and in addition, The parasitic elements Zs, Zss, and the junc-
is both mechanically and electrically stable. For the tion capacitance C are the primary cause of the deg-
past several years the Schottky diode has been under radation in diode performance at high frequencies.
development for application at submillimeter wave- All three elements are unavoidable but can be mini-
lengths. 1-6 Most recently, small submicron e'imen- mized by choosing the proper combination of materi-
sional Schottky diodes have been developed anc ex- als, geometry, and especially doping. Heavily doped
tended to wavelengths as short as 70 gm as a n,ixer 5 x 1018 cm

~ 
n-type GaAs is a high mobility, high

and to a wavelength of 42 gim as a video detector. 3,4 conductance semiconductor, nd as such R. and Zss
This paper reports record sensitivities for these de- are minimized by its usage. I Moreover, raising
vices as mixers at wavelengths of 118. 8 Jim and the doping of a material extends the plasma resonance
447 pm. The diodes were situated in an open untuned to shorter wavelengths. (For 5 x 101B cm-3 n-GaAs.
mount, the type of structure most commonly used in plasma resonance is at 13 gm rather than 34 jim for
precision frequency synthesis and metrology experi- moderately doped n-GaAs.) 10 Heav doping also

ments. Design considerations are discussed for minimizes transit time effects. 14, 15 As a conse-
diodes operating in such a mount. quence of these considerations, 5 x 1018 cm

- 3 
n-GaAs

is the material utilized in the fabrication of diodes
The Schottky Barrier Diode used in these experiments and those previously re-

ported. 3, 4

A Schottky -barrier diode consists of a metal con-
tact to a semiconductor. The diode current voltage The relative importance of the parasitic ele-
(I-V) characteristic is given to a good approximation ments depends upon the mount in which the diode is
by

7  situated. In open mounts, C is not easily tLned out
(resonated) and at short wavelengths becomes a domi-

I - 1° [exp ISV) - 11 (1) nant parasitic since it functions to bypass the high

frequency RF currents from flowing through R. Con-
where 

1 o is determined by the area and material para- sequently at submillimeter wavelengths, good per-
meters of the diode. The parameter S is given by formance from a Schottky diode with an open mount

q dictates that C should be small.
nkT

Reduction of the size of the diode improves its
where q is the electronic charge. T is the tempera- performance as a detector and mixer since junction
ture. k is Boltzman's constant, and n is the ideality capacitance is proportional to junction area. This is
factor which is approximately unity for low- to the basic approach taken in this work. There is a
moderately-doped materials. For heavily doped semi- limit in the size of the diode in terms of impedance
conductors where the conductance of the junction is matching

1 6 
and electrical stability (burnout) problems;

dominated by tunneling, S is less than q IkT: it is however, it is clear that diode diameters less than
determined by materials parameters and~dqping, with I jim are preferred at submillimeter wavelengths.
only a weak dependence on temperature. 

'  
This

Conversion Loss Dependence on Contact Diameter

This work was supported by The-Aerospace Corpora- The conversion loss Lc of a resistive mixer
tion on company-financed funds, operated in an open mount under local oscillator

starved conditions may be conveniently expressed as
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the product of three terms Diode Fabrication

Lc = L 0 LI L 2 . (3) The diodes used in the measuremerts consisted
of plated Pt ,acts on uniformly -doped, non-epitaxial

io5 x 101cm-n-type GaAs. Two different sizes were
from ithesi nvro loss L 0 is the loss fabricated, 0. 5 Am and 0.25 Am in diameter. A

arising from the conversion procese within the non- 0. 5 Am Schottky contact with this doping has a calcu-
linear resistance of the diode. 11,1 LI is defined lated zero-bias capacitance C0 of 1.3 x 10-15 F. This
here as representing the RF losses associated with value and a measured dc series resistance R, of
scattering and reradiation of the signal power, RF 19 ± 3 ohms yields a calculated figure of merit cut-off
impedance mismatch, RF parasitic losses, poor frequency fc (21 R. Co)-

1 
of 9 x 10

1 2
Hz (a wave-

focusing, etc. The loss term L 2 contains the IFpara- length of 34 Mm). The 0.25 Am diodes were fabricated
sitic and IF impedance mismatch losses, using high field pulse plating. This new method of

Local oscillator (LO) starvation refers to the plating has been demonstrated to yield spreading re-
sistance values close to their theoretical values over

mixer being driven with low LO power, a common a range of diameters from 0. 12 Mm to 2. 5 Am. In-
situation at submillimeter wavelengths, particularly corporating this plating technique in the fabrication of

in open mounts. A convenient expression for Lo in the 0.25 Mm diameter junctions has yielded a calcu-
this condition is given by

1 1 , 
16 lated fc value of 40 THz (a wavelength of 7 Jim).

L 8 (4) The submicron size junctions were fabricated
0 using electron lithographic techniques. I Relatively

-S LO large arrays of 1000 1 diameter diodes of the type
shown in Fig. 2 can be produced routinely. 4 These

where diodes represent the smallest Schottky barrier diodes

R _- I yet fabricated and possibly represent the smallest de-
R S (dc vices, in general, to be reported in the literature.

R is the dynamic resistance of the diode biased with Conversion Loss and Noise Measurements

a dc current Idc, and PLO is the LO power absorbed The sensitivity of Schottky diodes in open-untuned
by the mixer. Equation (4) is valid for SVI << I where mounts was measured using signal and local oscillator
Vlt g RPL is the amplitude of the LO sinusoidal sources derived from separate lasers. The radiation
voltage appearing across the resistance R. was coupled to the diode through a whisker (long wire)

antenna which also functioned as the electrical contact
Defining LO as the power in the incident LO to the diode. Optimum signal was obtained using a

beam and assuming the RF coupling problems are whisker orientation which selectively excites the main
identical for both the signal and LO beams, one has lobe of the long wire antenna. 19 The signal and local

oscillator consisted of two optically pumped far infra-

L (6) red waveguide lasers. 
2 0 , 

2 1 The beams were com-
LO = L- bined using a beam splitter consisting of a wire grid

polarizer with grid lines oriented at approximately 450

to the laser polarization. With both lasers oscillating
Hence from (3), (4) and (6) on the same transition, intermediate frequencies up

to 2 MHz at 447 Mm and 5 MHz at 118.8 Am could be
8 L 2 . generated by tuning each far infrared laser cavity offLc =S 2 

R PLOjL2 7 resonance. The detected signal was fed to a 10 ?Mz

L0 IF amplifier (26 dB gain) and displayed using an HP
8553 spectrum analyzer.

This equation leads to a striking relationship between
Lc and diameter d when one examines the dependence The power available at the signal and local

of L I on d under LO starved conditions, oscillator inputs was measured with a Scientech
Model 360 calorimeter. This is a bulk absorbing de-

When the detector is capacitance-limited (i. e., vice which has been calibrated to an accuracy of ± 20%
eJ

2
CZR

2 >; 1), the RF power fed to R is proportional for the wavelengths used in these measurements.
2 0

, 21

to (xC)-2. Hence, the dependence of L 1 on C becomes Following combination in the beam splitter, the signal
and local oscillator beams were focused onto the

LI . W2 2 2 
2 >> 1 (8) whisker with a 5 cm focal length spherical mirror.

; Coupling to the whisker was degraded by the present
geometrical constraint of using the spherical mirror

Expressing LI in terms of diameter d, one concludes off axis. The shadowing due to the diode mount pre-
LI -d 4 . Preliminary responsiavity measurements cludes an on-axis arrangement. In addition, the
Li dspatial nonuniformity (higher order modes) of both
reported below lend some credence to this dependence, signal and local oscillator prevented good beam over-
When a Schottky mixer is both LO starved and capaci- lap at the focus.
tance limited, Eqs. (7) and (8) lead to

The results of conversion loss measurements at

L Mw44 C d8 2C2R2 >> I andSV << I. (9) wavelengths of 118.8 m and 447 Am using the 1/2 Am
I l diameter diodes at a dc bias current Idc = 100 AA are

shown in Table I. The L c valuesreesnthrti
These strong dependences of L, on uJC and d have not, shwcnTbe1 h .vle represent the ratio

(in dB) of the signal laser beam power to the power
as yet, been verified by direct experiment. However. fed to an impedance matched IF amplifier. These
theoretically it is clear from Eq. (9) that reducing data were obtained under conditions in which the mixer
d should be an effective method of reducing Lc at short was sufficiently LO starved that both the signal im-
wavelengths. pedance and the IF impedance of the device was

approximately independent of LO drive, and hence,
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from (5) both were equal to (S Idc) - I = 400 ohms, 5. M. McColl, "Review of Submillimeter wave
where S = 25 V - . As such, the input impedance of mixers", Proc. of the SPIE: Far Infrared/
the amplifier was adjusted to equal 400 ohms. The Submillimeter Wave vol. 105, 1977 (inpress).
LO laser beam power PLO employed is shown in the

second column. 6. H. R. Fetterman, "Advanced Schottky diode
concepts," Proc. of the SPIE: Far Infrared/

The minimum detectable signal power MDPM of Submillimeter Wave. vol. 105, 1977 (in press).
a mixer referred to its input is given by

5 , 22

7. S. M. Sze, Physics of Semiconductor Devices,
MDPM = k Lc TD BIF (10) New York: Wiley, 1969, pp. 393-394.

where T is the noise temperature of the mixer diode 8. F. A. Padavani and R. Stratton, "Field and
measureR at the IF port and BIF i3 the IF bandwidth. thermionic-field emission in Schottky barriers,"
Measurements of TD were taken at frequencies of Solid-State Electron., vol. 9, pp. 695-707,
1, 10, 30 and 105 MHz with ldc = 100 MAA. A strong 1966

I/fm noise spectrum with m 1 1 is observed at thethree lower frequencies that would indicate a noise 9. M. F. Millea, M. McColl and C. A. Mead,corner frequency fn of 50 MHz withldc = 100 AA. "Schottky barriers on GaAs," Ph s. Rev.

(Noise corners of a few tens of megahertz are not un- vol. 1.77, pp. 1164-1172, Jan. 19b9.
common with Schottky diode detectors. )23 At
105 MHz a T of approximately 300 K is obtained. 0. For a survey on plasma resonance, see P. A.

TD is found in ependent of LO power at these low Schumann, 'Plasma resonance calibration
levels of LO dive this is consistent with previous curves for silicon, germanium and gallium

observations. From these noise and conversion arsenide, " Solid State Tech., vol. 13, pp.
loss measurements, the MDPm values shown in 50-51, Jan. 1970.

Table I are calculated using (10) with Td = 3000K. As
such, these values apply only for IF frequencies above 11. H. C. Torrey and C. A. Whitmer, Crystal
50 MHz. Rectifiers (M. I. T. Radiation Lab. Ser., vol.

15), New York: McGraw-Hill, 1948.
The measurements reported in this paper wereconfined to the 1/2 ;m diameter diodes. Preliminary 12. K. S. Champlin and G. Eisenstein, "Cut-off

video responsivity measurements have also been per- frequency of submillimeter Schottky-barrier
formed on the 1/4 1m diameter diodes. A comparison diodes," submitted for publication.
of these values with those obtained for the 1/2 Mm
diameter diodes under similar conditions of mount, 13. MF.ye, Millea, . Munushian, and
whisker antenna, etc. , does indicate improved coupl- D.F. Kyser, "Improved 94-GHz GaAs mixer
ing efficiencies with the I/4 14m diode. However, the diodes using gold-copper alloy whiskers,"
improvement is less than the factor of 16 predicted Proc. IEEE, vol. 55, pp. 2169-2170, Dec.
by (8i and could be due to errors in measuring diode 1967.

size and fringing effects from the whisker point. Work
is now in progress to clarify the operating character- 14. K. K. Thornber, T. C. McGill and C. A. Mead,
istics of the 1/4 Jm diodes. "The tunneling time of an electron,"Phys., vol. 38, pp. 2384-2385, April 1967.
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447 4 34 1x10 1 7

ABLE I. Mixing results using diameter Schottky

4, -barrier diodes.

4f. I'

Fig. 2a Fig. 2b

Fig. 2 Scanning electron microscope photographs of plated S(hu,'.kv diodes.
The insulating layer normally present has bten stripped aay. The
photographs were taken at steep angles from normal incidence to
show the dimensions of the diodes at their base. Figure ,1) is a
magnified shot of one of the diodes shown in Fig. 2a. 4
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A NARROW OUTPUT LINEWIDTH MULTIPLIER CHAIN

FOR PRECISION FREQUENCY MEASUREMENTS IN THE 1 THz REGION

E. Bava, A. De Marchi, A. Godone

Istituto Elettrotecnico Nazionale "Galileo Ferraris"

Torino, Italy

Summary of coherent equal stability standards for

a metrological frequency scale;
A multiplier chain is described which ,is b) would allow improvements by several orders

a substantially improved version of the on of magnitude in the precision of frequency

previously used at IEN. Starting at 5 MHz, a

single stage x12 multiplier which makes use of surementsof sper n e givinsuitable absolute reference to the modern
a low frequency step recovery diode provides field of very high resolution sub-Doppler

at 60 MHz a 1 mW signal suitable for narrow

band filtering in a 10 kHz wide quartz filter. spectroscopy;

In this way, from oscillators with white phase c) could indicate a spectral line of some sub-

noise floor of -140 dB, a coherent "carrier" stance with superior stability characteris-

signal is obtained at half a THz with a signal- tics with respect to the Cs resonance and

to-noise ration of about 10 dB (in 1 kHz band- eventually bring to a new frequency stand-

width) over a 50 kHz wide pedestal. ard with better performances in a region

where it could be also a wavelength stand-

The use of 5 MHz oscillator with better ard.

phase stability makes our chain become the lia

iting factor, with a white phase noise floor Moreover the extension to higher frequen-

of -165 dB, and pushes the carrier collapse cies of the region where precision absolute

frequency of the system up to 10 THz. A signal- frequency is possible would offer to the commu

to-noise ratio of 35 dB (in 1 kHz bandwidth) nication technology new possibilities for vcry

is then obtained at half a THz with a 25 kHz wideband channels.

wide pedestal and no observable carrier line-

width with the selectivity used. The problems that arise in the generation

of high frequency signals are essentially two.

Further ork on the multiplier may bring One is that the power obtainable from harmonic

the carrier collapse frequency of the system distortion in non-linear devices is low and

with these new oscillators as high as 30 THz high number harmonics are usually difficult to

or more. The power obtainable from this chain generate (except for the Josephson junction);

at the different harmonics of the used 100 GHz this difficulty however can be overcome, where

klystron is not impressive (as low as 100 nW a tunable source is available, by (offset) lock

at 0.6 THz) but the instrument is suitable for ing it to the multiplied signal.

precise absolute frequency measurements and

high resolution spectral analysis in the THz The other is that the spectral purity of

region. the synthesized signal depends on the phase

noise power spectrum of the source used so that
Introduction the signal-to-noise ratio S/N decreases with

the square of the multiplication number.
The generation by synthesis of signals in

the far and near infrared with a usable power In addition, when the multiplication num-
and high stability and spectral purity is a ber is such that the power in the noise side-
problem which is being investigated in many bands becomes comparable to the signal power,

laboratories around the world. 
,2 

The reasons the power in the carrier Pc decreases dramati-

for this are both scientific and applicative. cally and the noise pedestal itself begins to

widen.
3 ,4

In fact the availability, in that region

of the spectrum, of very narrow linewidth sig- For any given synthesizer a characteristic
nals, whose frequency is directly connected carrier collapse frequency 4 col may be intro-

with the existing frequency standards (Cs beam duced for which the carrier power is reduced

tube, H maser): of a factor e
-1

. In order to increase the val-

ue of 4col the total phase noise power P at a

a) would make possible the stabilization of given frequency must be decreased, and this

sources in the infrared providing a chain can be done only by reducing the bandwidth of



the system or by reducing the noise of the the crystal filter is not shown here) and c2
source (or of the multiplier, whichever is bi& in fig. 1; the SRD shows an improvement in the
ger). white noise floor, probably due to the simplic

ity of the circuit and the absence of any oth-
The two things are obviously not equiva- er resistive component than the diode, but an

lent since the first one just increases the increase of the flicker noise, probably due to

carrier collapse frequency but does not affect the recombination of carriers in the SRD.
S/N for 4 cl, while the second increases
both 9cOl and the S/N ratio. With the new oscillators and the quartz

filtered SRD stage a carrier collapse frequen-
Both ways have been experienced at IEN in cy of 10 THz was obtained. Work is in progress

the attempt of improving, with respect to the on a varactor stage from which superior charac
results previously obtained, the spectral pur teristics are expected both in the phase noise
ty of the synthesized signals in the region and in the AM- PM conversion.

5

below 1 THz. 4 The performances achieved with
the new synthesizers are described in this pa- All the three schemes provide indeed at
per. their outputs a power level suitable for a

quartz filter.
VHF section of the chains

After crystal filtering and amplification
Since the phase noise of a multiplied sig at 60 MHz the power necessary for driving a

nal increases along the chain, the most impor- SRD to reach X band is provided at 480 MHz by
tant contributions to it come from the source three cascaded doublers: one push- pull bip-
and from the first stages of the multiplier. lar transistor stage and two overlay transistor

multipliers.
For this reason we selected the oscilla-

tors with the lowest phase noise available on Spectral analysis of the synthesized signals
the market, and spent some efforts in improv-
ing the noise of our chains. A few experiments were carried out, both

with the old and the new oscillators, by ana-
The spectral distributions of phase noise lyzing with coherent sources the signal produc

power in the best oscillators available at IER ed by the chain at different synthesized fre-
are shown in fig. 1 (curves a and b) together quencies.
with the phase noise , reported to the input,
of two 5 MHz - 60 MHz chains (curves cand c2 ). The pedestal linewidthA4Jp and the signal

-to-noise ratio S/N can be in this way compar-
When the oscillators corresponding to ed with the values predicted by the theory for

curve a were used no disturbance was brought the measured data of the chains and oscilla-
by the phase noise of the multiplier, so that tors usrd.
the only way to increase .col was to reduce
the bandwidth of the system, which we did by Fig. 5 shows the beat note obtained from
inserting a quartz crystal filter with a -3 dB a Schottky barrier diode by mixing the signal
half bandwidth of 12 kHz at 60 MHz, just after from the chain with the output of an optically
the first stage of the chain, as it is shown pumped CH3 F laser at 604 GHz built at the Uni-
in the block diagram of fig. 2; fig. 3 gives versity of Pisa in a cooperation research aim-
the transfer function of the filter. ing at the experimental analysis of the feasi-

bility of a submillimetric atomic frequency
This arrangement led to a carrier collapse standard.

frequency of 500 GHz, which is a factor of 3
higher than the one obtained previously.2  The oscillator and multiplier phase noise

spectra correspond in fig. 1 to curves a and
However, when new 5 MHz oscillators with c2 respectively.

better spectral purity became available (curve
b) with a potential qcol of 50 THz if quartz The IF bandwidth was 300 Hz in this regis
filtered, we made some trials to improve the tration and a small coherent signal could be
noise of our multipliers in order to exploit seen in a linear display over a pedestal ap-

them better. proximately 50 kHz wide.4Yp was evaluated by
comparison with other logarithmic registra-

The first x 12 step was realized both with tions. The insertion of the quartz filter at
a single push-pull bipolar transistor stage, 60 MHz allowed in this way a significant im-
and with a step recovery diode (SRD) used in provement of the synthesized spectrum at
the circuit of fig. 4. 600 GHz (see previous registrations 4 ).

The phase instabilities of these two cir- When the new quartz oscillator was used,
cuits are given by curves c1 (the cut-off of the phase noise of the chain became the basic
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liritation for the ;,pectral purity in the far f-4; the other symbols used in fig. 8 are ex-

infrared region. plained in the caption.

FiP,. ' shows the spectrum of this new s! The circles are experimental points and

thesizer observed at 9.6 GHz with a 1 kHz IF the arrows represent experimentally determined

bandwidth, limitations.

From this chain a 300 MHz beat note was Conclusions

obtained in a Josephson point contact diode
by beating the 97th harmonic of the 9.18 GHz A few experimental results have been pre-

signal from the chain with the 890.760 GHz sented on the spectral purity obtained in syn-

output of an HCN laser. thesized frequencies in the far infrared re-
gion. Our multiplier chains must be improved

This measurement was made at the "Insti- in order to exploit completely the high spec-

tut d'Electronique Fondamentale" in Orsay, tral purity of new 5 MHz crystal quartz oscil-

France, using an HCN laser and the Josephson lators which can assure in principle multipli-

mixer, developped in that laboratory. ed coherent signals beyond 30 THz (CO2 laser).
Beside the direct frequency measurement of

A couple of mW from the laser and 4 mW sources in the far infrared, the phase lock of

from the chain were fed into the mixer. molecular lasers as well is allowed by means
of these chains.

Unfortunately the low power level of the
beat note prevented us from achieving a com- Acknowledgments

plete determination of S/N and A.p. S/ was
estimated to be more than 12 dB with 10 kHz We want to express our appreciation to

If bandwidth. P. Minguzzi and his coworkers of Pisa Univer-
sity, to C.O. Weiss and G. Kramer of PTB Braun

Fig. 7 shows the spectrum of a beat note schweig, to R. Adde and J.J. Jimenez of the

obtained between the chain and an optically "Laboratoire Primaire du Temps et des Fr6quen

pumped (R (18) line of a C02 laser) formic ac ces", for their kind cooperation that allowed

4..d laser built at PTB in Braunschweig, Germa- us to obtain an experimental verification of

ny. In this occasion a Schottky barrier mixer the spectral purity theory for multiplied sig
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ABSTRACT (1) The critical current, Io , should be of the
order of 250 IJA. Critical currents lower than

A carefully controlled microwave experiment 
using

50 (IA and higher then 1 mA are outside the
point-contact Josephson junctions (PCJJ) is reported.

The experiment measures the IF power, PIF' generated in 
optimum range.

low-order frequency multiplication and mixing. Also (2) The product, I R. (where R is the asymptotic

measured is the number of induced steps produced by the r6sistance of the junction) should be of the

microwave source. Four characteristics possessed by order of I mV or greater.

PCJJ's which gave the largest PIF are described. These (3) The undriven I-V curve should show evidence of

criteria are compared to those which were obtained in an "energy-gap" structure. (The dc component

studies previously reported. There is good agreement of the total current through the junction is

with three of these criteria and the discrepency with I and that component of the voltage across it

the fourth is discussed in detail. An operational pro- is V.]

cedure for fabricating a good PCJJ is described. The (4) The junction should show at least the fir-st
four most important potential high frequency 

limitations

of a PCJJ are discussed with respect to the experimental 
step in the I-V curve due to the laser drive,

results. This paper reports the use of a non-supercon- V laser.

ducting whisker plated with a superconductor.
Presumably these empirical observations have an

important relationship to the four major features that
INTRODUCTION

potentially limit the N value and maximum value of

At the National Bureau of Standards we intend to V laser. These limitations are:

phase-lock a far-infrared (FIR) laser to an X-bandI (a) The spreading of the spectrum of the super-

signal [1-3]. The aim is to be able to compare the fre- current as N increases [8]..

quency of a microwave source to that of a laser source,

without losing cycle identification, at laser frequencies (b) High-frequency limitations of the Josephson

at least as high as 4.25 THz (70.5 Jm). The large effect due to the finite binding energy

frequency multiplication orders, N, required i:uicate (i.e., the energy gap) of superconducting

that the point-contact Josephson junction (PCJJ) is electron pairs [9].

presently the best candidate for the multiplier and (c) Localized heating (due to the driving sources)

mixer. This paper discusses a microwave experiment which lowers I° [10].

aimed at improving the undeitanding and reliability (d) The shunting of high-frequency currents due

of PCJJ's.
to the non-zero capacitance of the contact

While the PCJJ has performed N = 401 (starting at

X-band) 4) and N = 825 (starting at I GHz)[5] the

reliability is inadequate for the present application.

The practical problem is to learn how to make PCJJ's In the experiment reported here, both simple

of sufficient quality and reliability. Junctions mixing (N - 1), and third harmonic generation and

capable of giving a signal-to-noise ratio of at least mixing (N - 3) are studied. Two X-bend sources are

20 dB (in a 1 kHz bandwidth) for N = 500 is the goal. used in the first case, and an X-band and a K-band

source are used in the second. The measured quantities

The empirical results of NBS 16] and those of NPL are the intermediate frequency power, PIF' and the

[7] evolved four criteria which appear to characterize voltage extent of the steps in the I-V curve produced

a good PCJJ for use at large N and specifically, where by the microwave sources [7, 12, 13].

the upper frequency source is in the FIR. They are:

usi

i



Experience has shown - but not satisfactorily (J = 484 MHz/pV) and the appearance of a step is

explained - the importance of several parameters to the evidence of a zero-beat between V. and a harmonic of the

generation of a useful level of PIF' These are: the drive signal. The original thought was that the extent

maximum supercurrent, Io; the asymptotic resistance, R; of the steps in any given junction would be a measure of

the product, I R; and the dc component of the voltage the high-frequency cut-off of that junction. This does
0

across the junction, V [4, 14-17]. Figure 1 defines not, however, seem to be the case.

these quantities.

There are several main features to be noted in this

A block diagram of the experimental set-up is given table:

in figure 2. A few counents need to be made about some (1) If PIF is greater than about 40 dB above the

of the components: When the microwave switch is in noise (in a 30 kHz bandwidth), steps are not

positions 2 or 3, the junction is irradiated with both observed. If P IF is less than about 40 dB

microwave sources and the system is set up for measuring there are (usually) well defined steps.

PIF* When the switch is in position 1, the junction is
only irradiated by source #1 and the system is set up IF
for measuring steps in the I-V curve. above the noise correlates fairly well with

I R > 0.8 mV.
0

The break between the waveguide and coaxial tees, (3) Based on 21 contacts, the absence of steps

and the 1.4 GHz coaxial filter, provide isolation such correlates rather well with R > 2 ohms.

that the PCJJ is the only dc path that the bias box (4) Based on 11 contacts, the voltage extent of

sees. This allows a known bias to be put on the junction the steps is not well correlated with I

and permits observation of the I-V curve. In addition

to this function, the coaxial filter provides impedance Several other things are important to mention: At

matching at vIF (= 1.4 GHz) and rejection of the two the time these data were taken, it was not possible to

microwave drives. measure asymptotic resistance smaller than about 1 ohm.

Thus, for many contacts, an accurate value of I R is not

The Josephson junction mount fits directly into an available and the corresponding I R element has been

ordinary storage dewar and is coaxial in structure. The left blank.
whisker for the junction forms the extreme end of the

center conductor, and the post forms a short at the end An entry of N.M. in the PIF column just means that

of the shield. The probe is inserted into the dewar P IF was sufficiently low as not to be of interest,

with the junction open (i.e., the whisker not contacting say, less than 35 dB.

the post) and the junction is closed only after the

device comes to temperature. This allows the formation If the initial or subsequent contacts of the whisker

of contacts of sufficient sensitivity to be of interest, to the post are too violent, then the whisker will be

blunted to the extent that ahysteretic I-V curve may

III. EXPERIMENTAL RESULTS result. An entry of Y in the hysteretic column means

Table I displays the two variables, PIF and voltage- that this has happened. Further discussion of this

extent of steps, versus the four parameters. Rather subject is given at the end of this section.

than list the total number of observable microwave

steps, I have listed that value of V at which the last The output, PIF' does not necessarily have a

observable step occurs. (Steps whose full height was as single maximum versus V. In fact, for low levels of

small as about 5 UA were observable. With reduction of microwave drive, there will be very sharp peaks in PIF

the noise fed to the junction it is possible to study versus V I8]. However, as the drive power is increased

steps as small as a few nanoamperes [18). In retro- these several maxima broaden until finally there is but

spect, it is unfortunate that it was not possible to a single very broad maximum. [Actually, a maximum for

resolve smaller steps because this might have permitted positive V and one for negative.) Sometimes the maximum

a more definitive interpretation of the data (see output that could be obtained occured before these

Section IV)). The reason for this is that the self maxima coalesced. In any case, the last column lists

oscillation frequency is directly proportional to V that value of V corresponding to the set of Pdrie and



V values that maximized P IF All the PIF data of Table If one understood the microscopic details of the contact

I (and the corresponding V's) were taken for N=3. For he might be able to explain why soe contacts work well

this case, PIF is much less seasitive to PK-band than and others don't. In the absence of this knowledge one

it is to P x-band To first-order, (for the N = 3 case) can only hope for a procedure that has a high probability

the optimum drive level (and this applies to both of producing high quality junctions. During the course

sources) is that which produces the maximum number of of the present work such a procedure was developed and

steps in the I-V curve. (It might be suggested that the is described in the appendix.

smaller amount of PIF that occured with the low re-

sistance junctions was just an impedence matching

problem. This does not appear to be the case. A sepa- With section III as background, it is now appropri-

rate test indicates that the coaxial filter (fig. 2) can ate to reexamine points 1-4 of section I.

be adjusted to provide a good match to junctions ranging

from I ohm to about 200 ohms. The filter was adjusted The data of Table I correlate well with the idea

to maximize PIF for each contact.] that I needs to be of the order of 250 pA to produce

good P IF It might be suggested that the I° criterion

The data of Table I were taken using six different and the I R criterion are not independent, that setting

whiskers. Three of the whiskers were made from solid I to about 250 VLA automatically gives a large I R0 0

niobium (Nb) wire of 0.005 cm (0.002 inches) diameter, product (The theoretical maximum 0R for Nb is = 2.4 mV).

One was made from solid Nb of 0.013 cm (0.005 inch) Table I seems to deny this because there are four contacts
diameter. The other two were made from presharpened (Ws 16, 11, 20 and 7) that satisfy the I criterion but

0.005 cm (0.002 inch) diameter ttugsten (W) wire which whose resistance is low. It appears, therefore, that an

was subsequently plated with about 1 Um of Nb. To my IoR product of the order of 1 mV or greater is an

knowledge, the present work represents the first use of independent and important criterion.

plated PCJJ s for multiplication and mixing. The solid

Nb whiskers were pointed by etching in pure hydrofluric With respect to the energy-gap, four of the 21 con-

acid. tacts exhibit energy gap structure in their I-V curves.

Figure I is, in fact, the I-V curve of contact 18. Each

An examination of the table shows that for every of these four contacts produced PIF of 53 dB or greater.

case in which PIF was greater than 40 dB above the The largest other output was 51 dB produced by contact

noise, the whisker used was either the 0.013 cm (0.005 15 and it exhibited a "pathological" I-V curve. It is

inch) diameter solid Nb or of the Nb-plated W type. The important to note that the energy gap criterion corre-

probable reason for this is the extreme difficulty in lates very well with the I° and 0R criteria discussed

making a junction with a large IoR product and with 1I in the preceedng paragraph.

of the order of 250 (A when using the 0.005 cm (0.002

inch) Nb whisker. The usual problem is that, as a Regarding steps in the I-V curve, the most sur-

person attempts to get an acceptably large Io, the tip prising result is the strong negative correlation

bends over and presumably such a large contact area between the presence of microwave steps in the I-V

results that the contact resistance becomes quite small curve and the level of PIF* I do not have a quantitative

and, at the same time, the supercurrent becomes exces- explanation for this, There are, however, two quali-

sively large. tative things that can be said about factors that make

steps difficult to see. First, noise will round the

A person intuitively feels that the Io, R and edges of the steps. The lower the frequency of the

capacitance values of a given junction will depend upon source which produces the steps, the closer spaced the

whisker preparation (e.g., sharpness of point, state of steps will be. Close spacing in addition to noise

oxidation) and upon the procedure of contacting the rounding decreases the clarity of the steps. Second,

whisker to the post. The junctions that are available for a given voltage spacing AV between steps, the current
for study in a given experiment will then depend upon spacing between their centers, At, will decrease with
these fabrication conditions and their variability. As increasing resistance, i.e., I - &V/R. If some

the discussion in items c and d of section IV imply, mechanism prohibits the steps from being hysteretic,

important things go on in dimensions that are of the then their full height i. limited to At. Apparently

order of the wavelength of visible light and smaller. such a mechanism exists because the only induced steps

!'



(of which I am aware) that show hysteresis are associ- frequency of about 720 GHz. Since the highest drive

ated with a closely coupled cavity resonance [19] which frequency in this experiment was 25.1 GHz, energy gap

is not the case in the present work. Zimmerman and effects should not have been a limitation. The laser

Sullivan have proposed that the absence of hysteresis experiments which are planned [2] will involve fre-

in induced steps is due to noise which causes the quencies from % 600 GHz to 4.25 THz (4250 GHz). Pre-

junction to make a transition from the higher to the sumably the energy gap effect will then become important.

lower of the two possible energy states [20]. Whether it will be possible to sort out the effects, a-d,

one from another remains to be seen.

In the present experiment, steps were produced

with the K-band source as well as the X-band. This was The present experiment does, however, have a

done by setting the attenuator for source #1 (the X-band potentially important bearing on this effect. The

source common to both the N=1 and N=3 experiments) to success in getting high quality junctions by plating Nb

maximum. The switch was then put in position 3 and the on W probably means that other superconducting materials

junction irradiated with the K-band source. Any contact would also work. Thus, for example, it may be possible

for which X-band steps could be produced also produced to use Nb 3Sn or Nb 3Ge and essentially double the cutoff

K-band steps. A contact that would not show X-band frequency due to this effect.

steps did not show K-band steps. The qualitative
Item c: Heating

arguments given above probably bear on the 
unobserva-

bility of the steps but a quantitative explanation is The analysis of Tinkham et al [10] on high fre-

lacking, quency limitations due to heating, contains a parameter,

P . This is essentially the level of ac power, absorbedo
An important practical problem when a laser is by the junction, at which heating effects become important.

used as the high frequency source is the difficulty in They estimate the value of P to be 10 IW. (This is

focusing upon the junction. In the past- when failing, based on adjusting the parameters of the theory to give

after some effort at trying to get the PCJJ to respond a junction resistance (at large V) which is of the order

to the laser - the quality of the junction has come of 10 ohms.] For the best contacts (17, 18, 21, 22),

into question. I presently believe that, if the I, the local oscillator power at the top of the Josephson

IoR, and energy gap criteria are all met, the junction junction probe ranges from 36 vW (#22) to 5 VW (#18).

is vindicated.

Since the characteristic impedance of the uniform

Consider now, items a-d of section 1: part of the JJ probe is 50 ohms, the estimated values of

Item a: Spectrum spreading absorbed power for 's 22 and 18 are 0.16 VW and 0.50 IW

The present experiment typically showed a 10-13 respectively. I would, therefore, tentatively conclude

that heating was not a significant limitation in thisdb decrease in maximum PF between the NHI and N=3
IF experiment. Estimating the drive level necessary to

cases. The frequencies involved preclude this fall-off
maximize PIF for a laser frequency of 4.25 THz (N = 460),

being due to energy gap or capacitance effects (items I

on the basis of the constant-voltage model (14], yieldsb and d). The experiment was performed such that the
about 8 mW. It seems highly likely then, at the highestjunction properties remained essentially unchanged

between the N=l and N=3 cases for any given contact. frequencles to which we intend to go, that heating

will be a limitation.
The measured fall-off should therefore be a legitimate

measure of the spreading of the supercurrent with Item d: Capacitance

increased N value. In the absence of a quantitative
Stewart has shown that when a junction is shunted

theory (based on the constant-current model) of 17 by a sufficiently large capacitance, the resulting I-V

versus the several parameters discussed in this paper,
curve will be hysteretic (21]. Others have realited thisthe only further thing to be said is that the optimum
effect experimentally. A number of hysteretic I-V curves"local oscillator" power in the N-1 case was from 6.5

were obtained during the course of the present exper-
to 11 dB less than that for the N-3 case.

ment. They are detrimental to obtaining good PIF'

Item b: Energy gap Based on Stewart's work, an estimate has been made of the

For Nb, the binding energy (proportional to the capacitance required to produce a hysteretic I-V curve

energy gap) of an electron pair corresponds to a typical of the present experiment. The result is 6.6 x

", I -- --
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Farads. If it is assumed that this capacity mixer. They are:

resultr from a dielectric barrier between the post and (1) the critical current, Io should be of the

the tip of the whisker (assuming C = 25 C - the 0order of 250 UA,

approximate dielectric constant of n bium oxide - and

a barrier thickness of 10
-9 

m = 10 A*) then the cross (2) the undriven I-V curve should display "energy

sectional dimension of the effective parallel-plate gap" structure,

capacitor would be 1.7 um. and (3) the I R product should be of the order of 10

mV or greater.

Microscopic examination of whiskers which have The criterion of steps in the I-V curve, which is
produced hysteretic I-V curves shows them to be blunted useful at laser frequencies, presents difficulties at

and with a flattened area whose cross sectional dimen- mmicrowave frequencies and this is discussed in the text.

sion is of the order of 2 Um. It is essential to note,

however, that on several occassions, whiskers which The operational procedure - described in the appen-

have produced hysteretic I-V curves have been recon- dix - of fabricating a PCJJ has a high probability of

tacted and the resulting I-V curve has not been hyster- producing a good junction. In particular, the use of a

etic. In addition, junctions have been formed which tungsten whisker plated with a superconductor appears
never showed hysteresis and upon subsequent examination

to be of significant importance in application.
there was essentially no evidence of blunting. I tend

to agree with Zimmerman that the usual contact dimen- There are four major effects that have potential

sion is usually significantly smaller than the radius for degrading multiplication and mixing performance at

of curvature of the tip (113. Although the above high frequencies. However, it is difficult to assess

calculation gives an upper limit to the capacitance, I their absolute or even their relative effects at

know of no way to calculate a believable lower limit. frequencies above about 1 THz. The present paper does,
As additional feeling for the numbers involved, if the

however, give quantitative information about spectrur

cross sectional dimension were 0.5 um then the capaci-
14spreading in oing between the N=l and N=3 cases at

tance would be 5.5 x 10 Farads and the resulting microwave frequencies.
cutoff frequency would be about 0.6 THz.
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and an analytical prediction of such behavior

[4,7]. The data of Blaney et al suggests, however, APPENDIX

that the fall-off is more rapid if the laser frequency During the course of this work, a procedure has

is above % 1 THz 19). In sum: the spectrum spreading evolved which I have found to be very useful in pro-

effect almost surely increases monotonically with ducing a useable contact. In this procedure, one lead
increasing N value. For large N and large values of of an ordinary ohmeter (multimeter) is connected to

Ilaser' it is likely that heating will be important; the post and the other to the whisker. The ohmeter is
energy gap effects probably will be important, and a set to the xlO0 scale an-), if the contact is carefully.

significant degradation due to contact capacitance made, the initial contact resistance - as indicated bv
cannot be ruled out.

the meter - is usually a few hundred ohms r more. The

supercurrent at that time is almost always unacceptably
V. CONCLUSIONS small (less than 50 UA). The next step is not to

At microwave frequencies, there are three character- further increase the pressure upon the contact (which will

istics which, if simultaneously present, appear to usually blunt the point) but rather to change the scale

assure a PCJJ which is a good frequency multiplier and of the ohmeter to xl0 and, perhaps, to xl. [On the

[ U?
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OPTICAL ELECTRONICS, EXTENSION OF MICROWAVE TECHNIQUES INTO THE OPTICAL REGION

C. F. Davis, Jr., G. Elchinger, A. Sanchez, K. C. Liu and A. Javan

Massachusetts Institute of Technology

Infrared diode work began some ten years ago beam; definite non-thermal response was observed.
with point contact MOM junctions. These were used Responses of lead on aluminum junctions were obser-
as harmonic generators and mixers, often of fairly ved, again at 2°K (aluminum above its superconducting
high order. They have even been used iy stabilized transition). The response to X-band and 5145 A argon
harmonic generator chains through 2 im." Such de- laser radiation was very similar showing peaks in
vices can form the basis of active far infrared (FIR) exactly the same locations. The principal structural
elements and circuits for reradiation of laser side- response occurs at dc bias voltage less than 20 mv
bands, signal processing in this region of the spec- and is due to the superconducting transition and
trum and studying extremely short pulse phenomena, photon scattering in the lead film.
Recently work has been done on MOM devices evapo-
rated through masks or photolithographically de- A theoretical analysis2 of the MOM antenna/diode
fined. I will show you why small area devices are as a detector of microwave and infrared radiation
essential to extending the operating frequency and is being conducted and FIR experiments evaluated to
how such devices can perform active circuit functions examine the consistency of the theory. The antenna
in the FIR and perhaps someday on into the visible; is coupled directly into the diode. An equivalent
already MOM diodes are respo Ling non-thermally to circuit is used to represent the system of the 4n-
visible radiation. A study - are just completing tenna and its coupling to the diode. A Strattona

shows that a point contact P.)M behaves according to tunneling model represents the nonlinear character
classical antenna theory in the FIR. Some of our of the junction. Detector performance is shown to
latest work is described on printing MOM circuits obey experimentally verified laws and determine an
for a real time holographic array. optimum junction thickness and area for each fre-

quency. It is shown that the detgctivity at room
The MOM devices operate by nonlinearities in temperature can be as high as 10 u watts-] Hz% at

their conductance, which must be the order of the frequencies of 1014 Hz in the infrared. Experimental
signal source (the antenna at about 100 0). This results show that for small focusing angles, Oe = D/f
junction is then shunted by its own capacitance (where f = 12.7 cm in this case), the efficienly T1
which restricts its high frequency operation. Junc- is proportional to 6 2 (see Fig. 1) consistent witR
tion conductance decreases exponentially with the concept of effective aperture. The proportion-
thickness while capacitance oes as the reciprocal; ality constant (at 337 um wavelength) agrzes within
hence the thinnest junction must have the most a factor of two with that expected from our theory;
favorable conductance capacitance ratio. A junc-o this discrepancy may be caused by uncertainty in the
tion with barrier thickness about the typical 10 A calorimetric laser power measurement. As the focus-
would have resistance of 102 Q/A (A in lm2 ) re- ing angle is increased to the width of the major
quiring about I um2 to match the typical antenna radiation lobe, the coupling efficiency saturates
resistance. Orders of magnitude change in the area to about 3%, in agreement again with the theory.
can be compensated for by small changes in barrier Different antenna lengths give proportionally differ-
thickness to maintain junction impedance comparable ent coupling efficiencies for small focusing angles
to the antenna resistance (1O0 Q) while adjusting and the same saturated value for larger angles.
the capacitance. The response Wime would then be
given by RC = 10-12 A. (A in pmz) To confirm that the FIR detection arises from

the same mechanism as that for rf detection (i.e.
We have considered several FIR functional cir- rectification), we checked, using a balancing tech-

cuits; these have not yet been built. However, nique, that the same detected voltage comes from
fabrication would require two successive photo- an rf signal as from a preadjusted ir signal, as

lithographically defined metalizations. the first the bias is increased up to about 100 mV.
capable of forming and supporting a stable barrier
layer about 10 A thick and the second of adhering This balancing technique has been applied to
to the substrate and making good contact to the the study of the type of printed diodes integrated
barrier layer. One circuit usable as a parametric to an antenna described in Ref. 4. Preliminary
subharmonlc generator might consist of a circle results show that some structures have coupling
half made of each metal, overlapping at one inter- efficiencies as high as 2 or 3%, comparable to that
section to form a small area MOM diode and at the of the mechanical point contact diode. This tech-
other a large area ohmic contact. Inherent Induc- nique is applicable regardless of the nature of the
tance and capacitance of this circuit and junction rectification mechanism as long as it is the same
can make it resonant in the FIR. With appropriate at rf and ir frequencies. For example, we haye also
input driving signal and bias leads and a realizable fabricated antenna structures where the detecting
junction nonlinearity, a Q of 5 would be adequate element is an evaporated micron-sized, thin-film
to cause oscillation at half the signal frequency. wire without a junction. A weak bolometric response,

with the same bias dependence, was observed at both
Some particularly interesting work has been frequencies and the best coupling efficiency was

with high speed deposited negative resistance junc- was found to be around 1%.
tions formed by evaporating a narrow lead stripe on
tin with a thin surface oxidation. This junction We have studied the behavior of the point con-
is cooled to about 20 K where both metals are super- tact diode nonlinearities by observing the bias
conducting and irradiated with a focused argon laser depehdence of the rectified signal when a known

'Ui



amount of rf power is coupled to the diode. These resistance).

results can be compared with the predications of the
tunneling model. Values for the barrier parameters A 2 x 2 array of antenna/diodes has been fab-

are found to be reasonable. ricated for ultimate use as a real time holographic
imaging array. This is now being evaluated as indi-

The diode's I-V characteristic up to the third vidual infrared rectifier/mixers. In operation,

order can be expressed as: two infrared beams differing by a microwave fre-

quency will irradiate the array. From the amplified

difference frequency we can obtain relative phase

R (V + mV
2 + nV

3 ) information of the two signals. This provides the

information required to define and construct a real

time hologram.

Then the rectified voltage, Vr, when an rf voltage
V coswt is coupled to these diode nonlinearities is
g~ven by

g 2 1. D. A. Jennings, F. R. Peterson, K. M. Evenson,

r (m+3nVb) VD Appl. Phys. Letts. 26, 510 (1975).Vr = +3 b)  2

2. To be published.

The experimental dependence of Vr on V shown in 3. R. Stratton, J. Phys. Chem. Solids 23, 1177

Fig. 2, can be approximated by a straight line in the (1962).
low bias region. We can then obtain for the 2 K-ohm

diode, m = .16 V
-1 and n = 1.8 V- . 4. J. Small, G. M. Elchinger, A. Javan, A. Sanchez,

F. L. Bachner, D. L. Smythe, Appl. Phys. Letts. 24,
These values for m and n, which are independent 275 (1974).

of the contact area, are in general 
agreement with

those obtained from the model assuming reasonable
values for the barrier parameters. From the tunnel- ,o'

ing model, we can express the average potential, 7o
4o, and thickness of barrier, L, as: f , ?c,

1 1 324 RDa

4/' 4 V-

L = 1.025

By estimating the 
value of contact area 

as

a = .1 1m?, we can then obtain 4, = .65 ev and
L = 10.3 A which are quite reasogable and change
only logarithmically with the estimated area. ,o,

Furthermore, the value of the asyimetry factor, a, 
W-) o,

according to the theory is given by

v=m"n

Figure 1. The antenna/diode efficiency is plotted

which, in the case of Fig. 2, is equal to 0.29 as a function of iris diameter, D. It should be

and does not depend on the estimated area. noted that saturation at high values of D comes
from a combination of approaching the beam diameter

As the resistance of the diode is lowered by and exceeding the width of the first lobe. The

adjusting the pressure of contact, the value for proportionality constant, .0035, is within a

n decreased monotonically. For example; if factor of two of the theoretical value.

Rd = 50 ohms we get n = 1.39 so that 0o = 0.43 eV (.v)

and L = 7.3 A . At these low values of L and 4 , o5
the W.K.B. approximation used in calculating th
tunneling probability begins to lose its applica-
bility.

We have shown that In agreement with the theory,
the zero vias responsivity, 81 (-m), remains nearly
constant as the resistance Is varied over two orders -2 0 - 0

of magnitude. By studying the laser rectification vb( v

as the resistance of the diode, R , "relaxes" con-

tinuously and slowly (presumably Reeping the same

asymmetry factor a) from 10 to few thousand ohms,

we were able to fit the result to the expression:
Vr  2 V _ AL

A)Figure 2. The experimental dependence of V on

with two adjustable parameters, Vo and RA (antenna V is presented. Diode resistan e was measured
at 2 Knand values of m - .16 V"i and n - 1.81 V-
were calculated from this plot.



PROGRESS IN CO2 LASER STABILIZATION

Charles Freed
Massachusetts Institute of Technology

Lincoln Laboratory
Lexington, Massachusetts 02173

Summary are most conveniently measured by heterodyning two

lasers, the results are not altogether foolproof be-
A family of stable CO2 lasers have been under cause the disturbances causing frequency jitter of the

development at M.I.T., Lincoln Laboratory for the past lasers may be at least partially correlated. In an
few years. These lasers are used in a variety of optical radar one may compare the laser with its own
applications and under different operating conditions, output delayed by the round trip time to and from the

target. Hence, effects due to disturbances with
Stability data have been obtained for free- correlation times less than the round trip time of the

running, offset-locked and line-center stabilized transmitted signal will be included in the measured
lasers. Measurements of spectral purity (frequency beat note spectrum.
domain), and of the fractional frequency stability
(time domain) of the laser beat notes will be pre- Figure 4 shows a block diagram of a 10.6 pm laser
sented. radar at the Lincoln Laboratory Firepond Facility

3 
A,5,

6

in Westford, MA. In Figure 4 wavy and solid lines de-
A two-channel, line-center stabilized CO2 laser note optical and electrical signal paths, respectively.

heterodyne frequency calibration system will also be The 0.5 meter local and the 1.5 meter master oscilla-
described, together with the latest data obtained for tors are similar to the one shown in Figure 1. The
the various CO2 isotope laser transitions. The new higher power master oscillator is offset-locked to the
data are 103 to 106 times more accurate than previously local oscillator using a stable 10 MHz frequency dis-
published results and will provide secondary frequency criminator and a frequency control servo loop with

references over a wide portion of the infrared spec- unity gain at 3 kHz. Figure 5 shows the real time
trum. power spectrum of the 10 MHz beat note of the two off-

set-locked lasers. The analyzer resolution in Figure 5
Key Words: Stable CO2 lasers, short-term is set to 0.02 Hz; thus the observed narrowness of the

stability, long-term stability, pressure shift, CO2  beat note spectrum indicates that the master oscillator
isotope constants, tracked the local oscillator within less than one part

in 1015 during the 50 sec observation period required
Introduction to obtain a high resolution measurement such as shown

in Figure 5.
This paper reviews the stability obtained with

various CO2 lasers and under different operating condi- The 10.6 Um laser radar shown in Figure 4 has
tions. New results are emphasized while previously been used to make observations on GEOS-III, a NASA
published details on laser design, experimental pro- geodetic satellite equipped with an IRTRAN II solid
cedure and long-term stabilization are left to the cube corner retro-reflector. Radar returns from
references. GEOS-Ill have been used to determine the radial

velocity of the satellite using Doppler measurements,
In the first part of the paper results obtained and to set an upper bound to the laser oscillator

with free-running lasers are described. The second instability.
part concentrates on line-center locked C02 lasers
and some of their applications. A logarithmic display of the power spectra of a

consecutive sequence of radar return signals is shown
Open Loop Stability in Figure 6. Table I summarizes the applicable opera-

ting conditions.

In this section we shall first describe lasers
and results applicable to high resolution optical The returns in Figure 6 were obtained near the
radars. Figure 1 shows the basic laser structure which closest approach of the satellite, corresponding to a
was previously described in greater detail.

1 ,2 
Figure Doppler shift of 64 MHz. At this point of the orbit

2 illustrates the real time power spectrum of the beat the Doppler frequency was changing by 10 MHz/sec.
note between two free running lasers, similar to the This change in frequency amounted to a 40 kHz shift
one shown in Figure 1. This figure and the conditions during the 0.004 sec radar transmission. This fre-
under which it was obtained was also published pre- quency shift, together with the main Doppler shift was
viously

2 
and is repeated here for completeness sake. removed by orbit-fitting in the computerized process-

Figure 3 shows a real time power spectrum similar to ing of the data. Thus the individual spectra of the
the one in Figure 2, but measured under somewhat radar ret rns shown in Figure 6 should ideally approach
noisier environmental conditions, asin x) distribution corresponding to the Fourier

traans of the 10.6 pm single frequency 0.004 sec

The mostly dfscrete modulation sidebands in Figure radar pulse. The spectral width one may observe on

3 are primarily du to line frequency harmonics, the returns in Figure 6 is approximately twice the
structure vibrations, acoustic noise and optical feed- theoretical 500 Hz that should occur between the first
back from the detector. Note, that the modulation minima. The excess width and smearing of the return
sidebands in Figure 3 may be enclosed under a Gaussian spectra is due to instabilities and jitter in the en-
envelope with a Z 209 Hz. Although laser stabilities tire, rather complex system, including the laser

This work was sponsored by the Advanced Research

Projects Agency of the Department of Defense and also

by the U. S. Energy Research and Development Adminis-
tration.
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oscillators. Needless to say, the system performance center stabilized CO2 isotope calibration system which
is steadily improving as the operating conditions and was previously described . Figure 11 shows the block
components giving rise to instabilities are gradually diagram of this system.
corrected; however, even the present level of perform-
ance corresponds to an orbital velocity precision of In order to investigate in the most direct
1.25 mm/sec, and one may put an upper bound of about fashion the various parameters affecting long-term
one part in 1011 on the short-term stability of the frequency stability, we carried out extensive measure-
laser oscillators. ments of the Allan Variance on the 2,697.86 MHz beat

frequency between tha 12CI60 00°l-[1000, 0200], band
Open-Loop Stability Of Microwave Self-Beats P(20) and the 1

3
C
1
502 0001l100, 02

0
0]i band R(24)

laser transitions
7
. By using two dIfferent CO2 isotope

The results in the remainder of this paper were lines, frequency pulling due to optical feedback was
obtained with grating controlled losers, which have reduced and the 2,698 MHz beat frequency output of the
been previously described.

2 ,7 
Such a grating con- HgCdTe photodiode was directly measured by a microwave

trolled laser is shown in Figure 7. frequency counter; thus only two independently lockable
lasers and a single microwave frequency counter were

Microwave (or lower) frequency generation may utilized in the experiments to be described in this
be achieved with a single laser filled with a mixture section (note that Figure 11 indicates a separate
of CO2 isotopes. The spectral purity and long-term microwave local oscillator and a second counter;
stability of the (self-) beat notes obtained in this neither of these were necessary for the stability
way may only be compared to stabilized oscillators of measurements).
the highest quality. Figure 8 shows the spectrum
analyzer display of the 3165 MHz self-beat of the Since each laser was assumed to contribute
14
C' 02 00o1-I10O0, 0200]ii P(10) and the 

12
C
16
02  equally to the instability, the measured Allan Variance

0001-[100, 02001, R(18) transitions. Time domain was divided by /"T times the laser frequency (2.8306 x
frequency stability measurements of the same 3165 MHz 1013 Hz) in order to derive the fractional frequency
beat note are shown in Figure 9. In order to obtain stability for a single laser as a function of sample
the fractional frequency stability, the measured Allan time, T, (gating time of the frequency counter).
Variance was divided by Y' times the laser frequency.
Table Il gives the sample size, m, for each observation The stability of the lasers may be best susmma-
timae, x, used to obtain the Allan Variance. rized by Figure 12 where each circle or cross repre-

sents an Allan Variance measurement based oh a sample
Figure 10 shows an even better frequency size, m, as specified in Table IV.

stability measurement of the 593 MHz beat note between
the 1

4
C1

6
02 0001-[100, 0200111 P(38) and the 

12
C
16
02  The fractional stability of the beat note of the

O001-[100, 0200]j P(16) laser transitions. Each data two lasers under free running conditions is denoted
point in Figures 9 and 10 is based on an independent by crosses and may be reasonably well approximated by
set of consecutive m samples. Table III shows the a (unlocked) = 10-10 x TO.

72 
which of course indicates

sample size, m, for each observation time, T, of Figure the drift rate of the lasers relative to each other.
10.

The circles represent the results obtained with
The spectral purity of Figures 8, 9 and 10 is each laser independently locked to its own reference

explained by the fact that the fractional frequency absorption cell filled with 40 mTorr of 
1 2
C1

6
02 and

stability at the microwave beat frequency will be 13Clan2 , respectively.
identical to the fractional stability of the laser
frequency itself. It should be clear by now that As Figure 12 indicates, there were three consecu-
short-term stabilities of 10-11 to 10-1) may be tive sets of measurements made, each based on m samples
routinely achieved with well designed and acoustically for any given observation time, T. The locked lss
shielded CO2 lasers. stability may be described by Oy(locked) 6 x 10

-  
x-/2.

Two additional facts are noteworthy in Figures 9
and 10. The frequency stability gets better for Thus, e instability of the lasers became less
shorter observation times, a very desirable require- than 1 x 10 for sample times T 2 40 seconds. A
ment in radar-like applications. As a matter of fact, fractional stability of 10-12 corresponds to ay = 28 Hz
inadequate frequency resolution of our present equip- fluctuation in the laser frequency. Since the piezo-
ment prevented meaningful measurements of the Allan electric mirror tuning rate is about 200 kHz/volt, the
Variance for observation times less than 1 Aec in phase sensitive aetector output stability (drift) must
cases like the ones illustrated by Figures 9 and 10. be less than 150 jiv to achieve 1 x 10-12 long-term
A second noteworthy feature of such self-beats is that stability. Such low, long-term drift was clearly
they may be utilized for direct comparison of optical beyond the capability of the ten year old lock-in
and micrwoave frequency domains, amplifiers used to obtain these results; therefore,

the measurement of longer term stability with larger
Long-Term Stability and Some Of Its Applications sample sizes was not seriously pursued in the current

phase of our experiments. However, the stability we
It was previously shown

8
'
9 

that CO2 lasers can did obtain was quite sufficient to carry out accurate
be frequency stabilized by using the standing-wave and reproducible measurements of pressure shift in CO2.
saturation resonances in a low-pressure, room-tempera-
ture, pure CO2 absorber via the intensity changes In the pressure shift experiments both lasers are
observed in the collisionally-coupled spontaneous locked to their individual reference cclls, and the
emission band at 4.3 M. More recently, significant shift In the beat frequency is measured as a function
improvement in signal-to-noise ratios with new, low of pressure change in one of the cells, with the
pressure CO2 stabiliz~ion cells external to the lasers pressure held constant in the second cell in order to
was also demonstrated"', obtain a stable reference laser frequency.

The experimental results in the remaining part Figure 13 shows the last two digits of the
of this paper were obtained with the two-channel line- 2.697.862 t 6 kHz beat frequency of the 1

2
C160 2 laser
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00°1-[10o0, 02001, band P(20) and the 1
3
CI802 laser Conclusion

0l[1OO, 02001, band 11241 transitions as a func-

tion of pressure in the C1602 reference cell. Each Even the few examples given in this paper make
circle in Figure 13 is based on an observation time it quite clear that the spectral purity, frequency
of I - 10 seconds and a sample size of m - 26. As stability and resettability, together with the avail-
Figure 13 indicates, two independent, consecutive ability of well over a thousand lasing transitions
sets of measurements give results which are barely uniquely endow the CO2 system for direct use in high
distinguishable from each other and are within one resolution spectroscopy, or as secondary frequency
o (T) of the solid line. A straight line fitting (by standard in heterodyne spectroscopy with tunable
the least-squares method) of the data between 0 and lasers, or in precision IR synthesis which involves
60 mTorr yields a -108.6 Hz/mTorr frequency change frequency mixing.
with increasing pressure in the 1

2
CI60 2 reference

cell (red shift). The pressure shift becomes larger A systematic and precise evaluation of the band
and nonlinear at higher pressures, but for the purpose centers, rotational constants, and lasing transition
of frequency stabilization only the low pressure frequencies of the CO2 isotopes is under way. These
region is of interest. It is rather interesting to data will also be of great value in evaluating the
note that our original 1970 estimate

2 ,8 
was also about potential function under the influence of which the

100 Hz/mTorr red shift for the same P(20) laser nuclei are moving.
transition.
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Also in Laser Spectroscopy, 171-191,Plenum RANGE- D07 km
Press, 1975 (R. A. Brewer and A. Mooradian,
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ELEVATION: 56 0I

12. C. Freed, A. H. M. Ross and R. 
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"Determination of Laser Line Frequencies and PULSE DURATION: 0.004 sec
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3
C1802 Isotopes from Measurements

of CW Beat Frequencies with Fast HgCdTe Photo- FULL SPECTRAL WIDTH O SIGNAL RETURNS E- 693 1±991Hz 506 BELOW PEAK
diodes and Microwave Frequency Counters", AVERAGE PULSE TO PULSE JITTER: 209 Hz
J. Molecular Spectrosc. 49, 439 (1974).

13. F. R. Petersen, D. G. McDonald, J. D. Cupp and TABLE I
B. L. Danielson, "Accurate Rotational Constants,
Frequencies, and Wavelengths from 12C1602 Lasers
Stabilized by Saturated Absorption", Proc. of
the Laser Spectroscopy Conference, Vail, T (seconds) 1 2 4 5 7 10
Colorado (25-29 June 1973).

m 101 Si Si 51 26 26

Sample size, m, as a function of sample time, T,
for voeat a 3165 4Iz.

TABLE II

T (seconds) 1 2 S 10 25

T 101 Sl 26 26 11

Sample size, m, as a function of sample time.
T, for Vbeat = S93 MHz.

TABLE III

T (seconds) 0.1 0.2 0.4 0.7 1.0 2 5 10 25 0so 00 J 250 SOO 11000

m 101 101 1101 101 101 5126 26 11 3 3 3 3 2

Sample Size, m, as a Pumction of Sample Time, T,

for v beat 2698 Hiz

TABLE IV
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Isotope

constant 
12
0
16
,2  13CI

6
, C82  

14 
C

16
0,

V (0)001-1 28 808 813.8 27 383 792.4 27 838 551.2 ZS 96S 920.7

V 041-1 31 889 960.2 30 508 659.6 30 785 884.8 29 46 026

11001 11 606.2072 11 610.1771 10 319.0962 11 613.6722 1

B1  IL 697.S697 11 693.4536 10 403.4741 11 0,4 .7428

Ell 11 706.3645 11 719.3785 10 398.9836 11 727.0591

11001 3.99x1 ~ 3920i- 3.1451 x 1W=~ 3.9790 x 10-3

DI 3.4462 x 10-5 3.61260x 10-3 2.71470x 10-3 3.9183 x 1-

llIo 4.7115 a 10- 4.7567X 0 " 3.O544x . 0l 4.8317 x 10-

H001 5.1.5 0-10 1.012 x W0 -812x 0-IT' 2.852 x 10-9

HI5.730 x 10-9 7.159 x 10-Y 1.807 x 10-7 3.7293 x 10-8

fil6.9840x 10- 9.0J22x 0-9 4.0180x 10-9 1.6284 x 1-

c =299 792 458 rn/sec

TABLE V

10H

4- 0

g 1 2 3 4 5

FIG. 1 0.5 meter, internal mirror, piezoelectrically BEAT FREQUENCY (14HZ)

tuned stable CO2 laser.

FIG. 2. Real-time spectral density of the beat note
of two free running, 0.5 meter stable C02
lasers for 0.1 second observation time;
horizontal scale: 500 Hz/cm; resolution
10 Hz.
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ELECTRONIC TUNING AND PHASE-LOCK TECHNIQUES FOR OPTICALLY PUMPED -AR INFRARED LASERS

S. R. Stein
Frequency and Time Standards Section

National Bureau of Standards
Boulder, Colorado 80302

(303) 499-1000, extension 3224

and

H. van de Stadt*
Joint Institute for Laboratory Astrophysics

National Bureau of Standards and University of Colorado
Boulder, Colorado 80309

Suary Th* FIR-II laser consists of a glass tube, 1.04 m
long and 32 mm internal diameter. Two lengths of cop-

An electronic tuning technique for far-infrared per tape are attached over the total length of the tube
(FIR) lasers has been developed which makes it possible to serve as the internal Stark electrodes. Both ends
both to frequency modulate a laser at a very high rate of the tube are closed by flat, metal mirrors, of which
and to phase-lock it to a reference oscillator. Tuning one is movable in two different ways: A PZT is used
is achieved by applying an electronic (Stark) field to for fine movements (4 pm maximum), while a micrometer
the molecules in an optically pumped FIR laser. Since drive provides the coarse motion.
such lasers operate on rotational-vibrational transi-
tions of molecules, they exhibit either first- or A block diagram of the phase-lock loop system is
second-order Stark effects which result in an effective shown in Figure 2. The two FIR lasers produce a beat
broadening of the molecular transition. This intro- frequency on the order of several hundred kilohertz in
duces a change in the cavity pulling, which is present the metal-insulator-metal diode detector. After ampli-
in any laser in which the cavity resonant frequency is fication and filtering this beat note is fed into a
offset from the molecular transition, double-balanced mixer, where it is compared to the

frequency of a synthesizer. The phase-lock loop tunes
Using a CH3F laser at a frequency of 604 GHz the FIR-II laser so that the heterodyne signal between

(496 um), we have observed (by direct measurements the two lasers and the reference signal from the syn-
with a metal-insulator-metal diode) a maximum static thesizer are in approximate phase quadrature. This is
electronic tuning of 500 kHz with a maximum sensitivity accomplished in two different ways: Fast tuning is
of 5 kHz/(V/cm). The tuning rate should be limited achieved by amplifying and filtering the detected
only by the lifetime of the photons in the laser cavity. phase-difference signal and then feeding it to the
We have observed frequency modulation rates of 300 kHz Stark electrodes. The attack time in this feed-back
and a modulation index greater than one has been ob- loop is approximately 10 ps. Slow tuning, over a
tained at a modulation rate of 50 kHz. larger range, is mainly necessary to compensate for

length changes of the FIR-Il laser cavity due to tm-
We report the ability to phase lock such a tunable perature changes. This tuning is achieved by feeding

FIR laser to a reference laser at an offset frequency the detected phase-difference signal through an inte-
of the order of 500kHz. This was achieved by using the grating amplifier and applying it to the PZT-tuning
Stark-tuning method to correct for fast frequency fluc- element of the FIR-Il laser. Unwanted interactions be-
tuations, up to approximately 20 kHz, and a piezo- tween the two feedback loops are not present because of
electric tuner (PZT) to slowly correct for changes in the large difference in speed (104) of the two mecha-
the laser cavity length. nisms. The present system stays in a phase-locked con-

dition for about 15 minutes. This time is mainly
The tuning and phase-lock methods reported here limited by the frequency instability of the C02-pump

are needed for several important applications, for laser and the mechanical instability of the diode,
example: infrared frequency synthesis, generation of rather than by the dynamic range of the phase-lock
time from infrared (and higher) frequency standards, loop itself.
directional and synthesized infrared communications,
and FM LIDAR. Measurements

Experimental Description All measurements are preceded by mechanically
tuning the FIR-II laser to a dominant longitudinal

A schematic diagram of the experimental setup is mode. In Figure 3, we show the output power variation
shown in Figure 1. A CO2 lpser and amplifying tube as a function of cavity length for the Stark tunable
provide the pump beams, at a wavelength of approxi- laser. The two main maxima occur at a cavity length
mately 10 pm, necessary to excite a particular vibra- difference of 248 Pm, half the wavelength of the
tional level of the molecules in FIR lasers I and II. 496 um transition in CH3F. The relatively clean mode
One laser, FIR-I, serves as a reference laser. A metal- spectrum of this laser avoids the otherwise annoying
insulator-metal diode with a 50 pm diameter tungsten troubles due to mode interference.
whisker and a polished nickel post is used for hetero-
dyning the two FIR frequencies. More details about The next step is to first detune the cavity
the setup can be found in Ref. 1. slightly from the transition line center and then

apply a dc voltage of about 400 V to the Stark elec-
trodes. This is done while the FIR-I laser remains
tuned to its line center, allowing one to monitor the
frequency changes of FIR-I by direct heterodyning in

*Visiting Fellow 1976-77, on leave from Astronomical a frequency region of the order of 500 kHz. The ini-

Institute, Utrecht, The Netherlands. tial cavity detuning produces a frequency shift of
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300 to 600 kHz in the FIR-II laser,while the additional a frequency change of the reference oscillatorin excess
amount of electronic tuning, which is proportional to of 50 kHz causes the loop to come out of lock. This
the initial cavity detuning, has a maximum sensitivity dynamic range is insufficient to control the slow fre-
of 5 kHz/(V/cm). Associated with the frequency change quency changes in the FIR lasers which we surmise are
there may be an amplitude change with a relative mag- due to temperature changes. The inclusion of the PZT
nitude of 0.01/(V/cm).

1  
tuner, which can move one end mirror ±2 um, results in
an order of magnitude improvement in the dynamic range.

The application of an alternating field, super-

imposed on the dc electric field, produces both ampli- Interpretation
tude and frequency modulation sidebands. The ratio of
AM sidebands to the first FM sidebands is expected to We selected the 496 pm (604 GHz) laser transition
be 2x 1076 fm, where fM is the modulation frequency in in CH3F for this study because it is a relatively
Hz, as calculated from the sensitivities quoted in the strong line and the Stark effect in CH3F is linear
preceding paragraph.

1 
It has been verified qualita- and well understood. The CO2 laser selectively pumps

tively that the AM and FM sidebands have indeed equal the molecules first to an excited vibrational level and
strength at fm - 500 kHz. the resulting population inversion induces the 496 pm

rotational transition to lase. An electric field splits
Figure 4 shows a typical frequency spectrum of a the rotational transition into several components, each

frequency-modulated, Stark-tuned FIR laser. It was with a known frequency shift proportional to the field
taken using a spectrum analyzer connected to the ampli- strength. From the known line width of the individual
fied heterodyne signal from the diode. Since only the components one can show

1 ,2 
that the net effect of the

FIR-I laser is modulated, it represents the power den- Stark field is an overall broadening of the line of
sity of this laser as a function of frequency. This approximately 30 kHz/(V/cm).
particular spectrum was taken while the laser was
modulated at 50 kHz. The relative magnitude of the The tuning of the laser frequency is produced by
sidebands is typical for frequency modulation with a this broadening via the effect of "cavity pulling."

3

deviation (half the peak-to-peak frequency shift) equal The actual laser frequency, v, is determined by:
to 75 kHz. The AM sidebands in this case are ten
times less powerful than the FM sidebands, in agree- V-um - c-
ment with our earlier statement and indicating that AV A V
we have a nearly pure frequency modulated spectrum. m c

Observation of the beat note between the two FIR where Vc is the resonant frequency of the empty laser
lasers indicates that the 3 dB line width of the un- cavity and Avc its full width, v, is the frequency of
locked lasers is a few kHz. A typical spectrum is the molecular transition and AVm its full width. It
shown in Figure 5a. In order to phase lock such oscil- is clear from this equation that an offset between vc
lators it is necessary that all the amplifiers and and v, produces a static frequency shift of the laser
filters in the loop be broadband compared to the free- frequency towards the cavity line center. The amount
running line width. When the phase-lock loop is of shift depends on the cavity offset itself, as well
operating, the line width of the beat note decreases as the magnitudes of Avc and Avm. The very last
dramatically as can be seen in Figure 5b. If a stable dependence is used in our experiments.
reference were substituted for the FIR-I laser, then
this change would represent a proportional increase in Differentiation of the pulling equation with re-
stability of the tunable laser. spect to the applied field E yields:

The most important parameter describing the phase- dv AVc(Vc - Vm d
lock loop is its attack time, i.e., the inverse of the dE L 2 (AVm)
unity gain angular frequency. It can be measured by (Av +dv

phase modulating the synthesizer which generates the
frequency offset between the two lasers. When the The shift is thus proportional to the initial offset
frequency of this phase modulaLion is small compared of the cavity from line center and the proportionality
to the unity gain frequency, coherent modulation side- factor can be calculated from known quantities. We
bands of constant amplitude are impressedon the tunable find in our case a maximum value of 5 kHz/(V/cm), in
laser. However, when the modulation frequency is large good agreement with measured values.
compared to the unity gain frequency, the tunable laser
can't follow the phase modulation of the reference. We The operation of the phase-lock loop, described
observe this phenomenon in both the spectrum of the earlier, is best understood in terms of the open-loop
beat between the two lasers and the spectrum of the transfer function Ge(jt).i Let us call the open-loop
control voltage to the tunable laser. Our best esti- phase fluctuations oL the two lasers Op and 11, re-
mate of the unity gain frequency is 18 kHz which cor- spectively. Then the closed-loop phase fluctuations
responds to an attack time of approximately 10 ps. between the two lasers, AO, is

In order to analyze the operation of the servo
system it is useful to examine the spectrum of the A$ _I__

feedback voltage to the Stark tuning electrodes. An I+G e
example of such a spectrum is shown in Figure 6. The eq

imary value of this measurement is to detect instabi- where the frequency synthesizer is assumed to have
lities in the loop which show up as peaks in the spec- negligible phase fluctuations. The open-loop transfer
trum. The loop is observed to be stable, but begins to function is the product of the tuning rate of theFIR-Il
oscillate when the gain is increased by 10 dB. It is laser, the sensitivities of the MIM diode and the doub'e
also -issible to use the spectrum of the feedback volt- balanced mixer, the gain of amplifiers Gland(;,, and the

age to determine SO(f) for the pair of oscillators. low pass transfer functions Fl, Fj and F;. The asylp-
This is discussed in more detail in the next section. totic form Is shown in Figure 7. The break point at

is due to the low pass filter (F2) which decreases theWhen the Stark tuner is operating alone, the feedback of the second harmonic of the offset frequency

dynamic range of the loop is very limited. For example,
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between the two lasers. The break point at f3 is due Conclusions

to the finite band width (F3) of the amplifiers. The

phase shift caused by these two low pass filters cur- In the near future, we expect the expansion of

rently limits the maximum unity gain frequency to about the fields of time and frequency and telecommunications

20 kHz. The break at f4 is due to the PZT tuner and into the infrared to accelerate significantly. It is

has negligible influence on the second-to-second per- likely that the far-infrared laser will be a workhorse

formance of the loop. oscillator for that frequency range. To promote this
possibility, it is necessary to develop a variety of

The voltage, V, measured at the spectrum analyzer modulation and phase-locking techniques such as are

is easily related to the open-loop phase fluctuations available in the microwave region. The Stark fre-

between the two lasers. Since the spectrum analyzer quency modulation and phase-lock technique which is

follows filter F2 , described here is a step in this direction. When com-
bined with suitable low noise microwave sources and ef-

K(0II ficient multipliers it will permit frequency synthesis

over a large portion of the far-infrared wavelength

(l+if/f2)(l eq , region.

where K is a constant. Solution of this equation in- References

dicates that the slope of the voltage spectrum should

change by f
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FREQUENCY MODULATION OF A FAR INFRARED

CH 3F LASER BY STARdK EFFECT*

by

R. Benedetti, A. Di Lieto, 1,. Inguscio
P. minguzzi, F. Strumia, TV. Tonelli

Istituto di Fisica dell'Universith - Pisa

Pisa, Italy

Summary shown schematically. It comprises: a CC la-
ser with the frequency stabilization servoWe report a direct frequency measurement fopuinaCF trcnroelasr

of the shifts and modulation induced by the a 75 z k y t n tht he fr e mes r e
a 75 GHz klystron with the frequency meassure-

application of an electric field on an opti- ment chain, a W-Ni point contact 7ixer anJ
cally pumped CH3 F far infrared laser. These spectrum analyzer to observe the Leat rco.
effects are obtained only if the laser reso- Most of the details of this a parntus e
nator is slightly offset from the molecular been described in previous ,
transition frequency, so that the electric only the main features 'ill oe qiscussei .rc.
field enhances the cavity pulling shift. A
detailed computation of the Stark multiplet The FIR laser has : lielectriz. "i

pattern and intensities is included and the configuration with flat interrnal nirr;rs r.n
change in the gain profile of the active me- coupling holes for input a .,u: :o;ver.

dium by the electric field is discussed. As a waveguide we use . . c,
The demonstrated control of the laser frequen and 13 mm internal i ia'-.er. .. e .

cy by an electric field will allow high speed tes are two silver coatej /s IILtes, !I-
FM modulation or fast laser frequency stabi- ced at a d-stance of , c:: iOAtsje of tne va-
lization. cuum system. They are siit-;htiy snorter than

the waveguide, so small portions of tne &cti-
Introduction ve medium, near input and output holes are

Many new far infrared laser lines have not immersed into the electric field. The
been obtained by optically pumping near in- CH 3 F gas is flowed slowly through the laser
frared vibrational transitions of several mo- at a pressure of about -CG mTorr. fhe rum:

lecules. The frequency of these lasers ran- power is delivered by a commercial COU laser,
ges from 0.15 to about 20 THz and a CW inten- capable of about 20 watt at 9.55 pm, and is

sity from 1 to 100 mw can be easily obtained focused into the FIR resonator by concave
for the strongest lines. The frequency tuna- mirror Optics. A small fraction of the C02
bility is within the Doppler or collision power is passed through a CH3F reference cell
width of the lasing line and also the speed and is monitored by a pyroelectric detector.
of the frequency modulation is limited becau- The signal from this detector is used to gene-
se of the absence of suitable electro-optic rate an error voltage that locks the CO2 fre-
materials in the far infrared. quency to the absorption peak of CH3 F

1 3 .

1,2 In most of oir measurements the polirizationThe Stark effect was proposed as a of the C02 laser is parallel to the Stark
possible method to increase the frequency field. The FIR laser output is mixed in a
tunability and to obtain a high speed frequen W-Ni open structure point contact diode with
cy modulation in FIR lasers, since many of the microwave power from a klystron. The
the known lasing molecules exhibit a large klystron is operated free running at about
Stark effect. Laser action in the presence 75530 MHz and is energized by a very low noi-
of an electric field has been previously re- se, low drift power supply.
ported in several papers. Part of the microwave power,via a directional

At present at least two groups 10 1 1 , to coupleris used to compare the klystron fre-our knowledge, are at work about frequency quency to a 5 Miz crystal oscillator by means
measurements on Stark controlled lasers, of a synthesizer and a conventional frequency

however no report has yet appeared. multiplier chain. The beat note between the
Here we report a direct frequency measurement laser and the eighth harmonics of the klystron
of Stark tunability on the 604 GHz line of at about 57.5 ?!Hz is jr cessed by a widebandCH3F laser. amplifier and displayed on a spectrum analy-

zer.

Experimental apparatus Results and Dis-P2ssion

In fig. 1 the experimental set-up is The first result we oc' ined is a new



direct measurement of the 496 jm K = 2 line by a moderate electric field, so if the laser
of the CH3F laser. The experimental appara- resonator is tuned to the center of the mole-
tus was slightly different with the klystron cular transition, no frequency change will be
phase-locked to a stable reference obtained induced by the electric field.

by multiplication from a very high quality So a certain amount of cavity pulling is ini-

quartz oscillator. The details of this mea- tially introduced by offsetting the frequency
surement are reported in ref 12 and the re- of the laser cavity from the molecular tran-

sult is sition. The FIR frequency shift or modulation
is then obtained by applying the electric

fCH3F(4 9 6  = = 604297.5 0.2 z field to the Stark plates. A typical result
for a static frequency shift is shown in fig.

Occasionally we observed on the spectrum ana- 3. In that case the applied field is 220V/cm

lyzer a double peak in the beat signal; a and the observed frequency shift (upper trace)

typical result is shown in fig. 2. is about 200 KHz. The vertical scale is loga-

The two peaks are of equal intensityare rithmic and the signal-to-noise ratio is about

separated of about 920 KHz and both intensity 10 dB. The maximum shift we observed is about

and frequency separation seem to be unaffected 300 KHz with a Stark coefficient (frequency

by pressure changing in laser operation (from shift/applied electric field) of 2 KHz/(volt/

40 to 150 mTorr) and by a change in the fre- cm).

quency offset between the CO2 pump radiation The observed shift is roughly proportional to

ntransition. the cavity detuning and to IEJ and its direc-and the C 3  abtion is the same as the cavity detuning itself.
The two-peak situation nas been observed If an AC electric field is superimposed

both in copper and in dielectric waveguide
resonators. The two peaks are too symmetric ls output is ain Hoever, du t

and their frequency separation too small to

be interpreted as different modes of the laser the free running operation of the klystron,

cavity. a poor resolution on the spectrum analyzer

It could be guessed an interpretation is available (see fig. 3); so at present only

according to the theory developed by De Temple qualitative results have been obtained.

and Danielewicz1 4 . Kramer and Weiss 15 have Theory
also reported something similar. They trite The CH3 F molecule is a symmetric top and
of a central dip I MHz wide. Considerinf that simple equations can be obtained for the fre-
their laser threshold is lower than ours, the quencies of the rotational and vibrational

two peaks we observe could be the upper struc- lines in presence of an electric field

ture of their dip. Nevertheless the frequency (Stark effect). Moreover for C 3? the mole-

separation we observe between the peaks is cular constants have been accura-
too large for the offset between the C02 ra- tely measured 18 and accurate computation of
diation and the CH 3F absorption transition, the Stark effect can be performed. The selec-
which is of 11 -13 MHz. Another interpreta- tion rules for the rotational transitions are

tion could be guessed by the theory reported A J = + 1, A K = O, and A M = 0, + 1 and

by Leite et al. in ref. 16 . the frequency shifts of the Stark components

In our experiment the pump transition is are:

"Doppler broadened" but the Doppler effect

(/ -z 1.3 M.z) at the FIR frequency is 2^ __EM k K/ ()
negligible compared to the pressure broadening 6-PR= Mf'11,

(A .2 MHz). In this case no splitting
of th emitted FIR line is predicted 16.
It is worth noting that the pressure broade- where J is the larger of the two quantum num-

ning of the Y , K=2p J=12 - J=11 rotational bers involved.

transition in H3F is extrapolated here (and Terms in E2 are negligible for CH3 F up to a

also in 14 ) by measurements of pressur: broa- field of several KV/cm and for V3 = 1, J=12-11

denings in the gro;nd vibrationel state -t the eq.(1) becomes:

'o-. J values 17 . So thr volue which is given
( 40 *1Hz/Torr) could be significantly overesti / R = KE(1.118P - 6.149A .) - ()
mated. /- q"

The experimental results on the StarkThe xpeimetalresuts n te Sark For the vibrational transitions of the Q
controlof the laser frequency can be better bra toa transitionseofothe:

understood if some of the theoretical results

of the next section are anticipated. The E-)EKM C KAM
gain curve of the active medium is symmetri- -(3)

cally broadened but not appreciable shifted T(T) V (T+I) h[ "



and for the Q(12) line of CH 3F and

3 2

K(-151 M - 6.15 A M)E (4M

where ,4,is the electric dipole moment of the
ground vibrational state and " is the elec-
tric dipole moment in the excited state. +
The shifts of the vibrational lines are much I +
smaller than the line widths as a consequence
of the term (&.,-^) and the pumping effi- The results for different values of the ap-
ciency of the C2 laser radiation is not si- plied electric field are shown in fig. 6.
gnificantly changed in presence of an electric We can see that the single Stark components
field. start to be resolved for an electric field of

The position of the rotational lines as about 1 KV/cm. Moreover the gain for a given
a function of the electric field is shown in E field is a little larger for the 6 M-+1
fig. 4. The electric dipole moment in the transitions.
excited vibrational state and the T vector The threshold of our present dielectric wave-
of the FIR radiation are orthogonal to the guide laser is at about 0.3 of the gain profi-
E vector of.the C02 radiation as a consequence le andpas a consequencethe Stark effect tu-
of the pumping by a Q line. When the pump is nability of the FIR laser can be obtained only
obtained by a A M = 0 trsaisition (E" //E ) via frequency pulling of the offset resonator.
the FIR radiation is emitted by AM 21 1 Sta New FIR lasersare in preparation which should
transitions (LIRJ_ 9Stark) .  lower the threshold by a factor 4 --5 . In

i':e relative intensity of the Stark components this case a Stark tunability of several MHz
of the rotatioaal J--. J + I line are given could be easily accomplished.
by the equations The present difficulty follows from the high

J value of the lasing transition which redu-
I (A M = 0) = (J + 1)2 - M2  (5) ces the relative intensity of the single

Stark components. The Stark shift is also
I ( &M = +1) = (J+1 + M) (J+2 + 4) (6) strongly dependent on the J and K values.

A low J and high K transition will have a much
For a M = 0 we obtain 23 lines, forA M = + 1 larger Stark shift and will be easier to lase
we obtain 46 lines but we can see from eq. 1 Qn a single Stark component. In this case
that 12 lines with a M = - 1 (from M = - 11 a tunability range of several hundreds of ?Vz
to M = 0) have the same frequency as 12 lines will be feasible.
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Pump if : AV (012 )=(-.3O02 M) KH±
V/Cm

FIR: hMati ,AvJu (2.24M*i2.3) .HZ

EI(KV/cm)
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Fig. 4 Frequency shifts of the Stark components of the 496jn
line of CHY as a function of the applied electric field.
Only the lines with M + 11 are shown, the others are
equally spaced between them.

A M =O 
J=12-1 1

AM=T1

v. V.

Fig. 5 Intensity pattern of the Stark multiplet for 6 - + I and
for & id w 0 selection rulemin the case of a J -11:12
transition.
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Fig. 6 Relative gain profile of the 496 pi line for different values
of the static electric field. The gain is normalized to 1 for
the maximum without field. All the gain profilseare syumetric
around the unperturbed center frequency V, and here only one
side is shown. Each single Stark component in supposed to be
Lorentzian in shape with a full width of 2 M1~z.
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THE TRAPPE) MERCURY ION FREQUENCY STANDARD

Michael D. McGuire
NASA/Goddard Space Flight Center

Greenbelt, Maryland 20771

Summary standard oscillator. For comparison in the rubidium
optical pumping standard the same sort of set of

Singly iunized mercury atoms have a structure atomic transitions is used, but absorption of pump
similar to neutral alkali atoms. They can be main- light is monitored rather than fluorescence because a
tained as ions for very long times in an rf quad- much higher particle density is possible in a rubi-
rupole ion trap. Thus their ground state hyperfine dium cell.
structure can be used to make a frequency standard
using optical pumping techniques similar to the well The first work was done with the mercury ion sys-
known rubidium standard. The mass 199 isotope of tem by Major add Werth3. They measured a linewidth of
mercury has an ionic hfs of 40.5 GHz. In a trap about 10 Hz. This amounts to a line Q of 4 x 109.
system a linewidth of 10 Hz has been measured. Short This is matched only be the proposed passive H-maser
term stability of a proposed mercury standard as set Further work was done with the mercury ion system by
by the achieved signal to noise ratio is McGuire, Petsch, and Werth5. They achieved a large

Sf/f = 6 x 10-121T . improvement in signal to noise ratio that now makes it
possible to consider building a frequency standard

There is prospect of further improvement. Long term using the mercury ion.
stability is affected by second order doppler effect,
and by pressure, light, and Stark shifts. However Agparatus
these appear either sufficiently small or sufficient-
ly controlable that the proposed mercury ion standard The apparatus of McGuire et al. is shown schem-
would be competitive with existing standards. aticly in figure 2. The trap electrodes are con-

jugate hyperboloids of revolution. A characteristic
Introduction dimension is zo, half the distance between the two

sheet parts, about 15 mm. The trap holds 199Hg+ ions
The hyperfine structure of alkali atoms has for times ranging to hours. A 202%"+ discharge lamp

been the basis of most successful atomic frequency excited by about 100 watts of 100 MHz rf provides the
standards. A whole new set of alkali-like "atoms" pump light. The method of fabrication and the oper-
can be created by singly ionizing the alkaline earth ating conditions strongly affect its output at 194.2nm.
elements such as strontium, barium, or mercury. In The light from the lamp passes through the trap and
spectroscopic language the lSO ground states go to is monitored. The monitor signal can be used to2S1/2 ground states in the ions. The mass 199 iao- reduce lamp noise. The fluorescence signal is taken
tope of mercury has a nuclear spin of 1/2 and thus at right angles to the incoming light to avoid being
a hyperfine structure (hfs) just the same as the swamped by the incoming light since it is all at the
simple hfs of hydrogen except that the splitting is same wavelength. Herein lies the greatest part of
40.5 GHz instead of 1.4 GHz. the signal to noise problem. Scattered and reflected

light from the incoming beam forms a large background

An rf quadrupole ion trap will hold ions for to the fluorescence signal. To date the best com-
promise between a large amount of pump light reachinghours in a high vacuum well isolated against recom- tetapdin n ufcetcliaint u
the trapped ions and sufficient collimation to cutbination and other perturbing influences. The trap down the reflection and scatterin has resulted

itself is an arrangement of rf and dc electric in a sinleabo 2.5 oackgrond.

fields which create a potential well. The hfs of 3le+ in a signal about 2.5% of background.

was investigated by Schuessler, Fortson, and DehmeltI  The 40.5 GHz excitation is obtained from a klys-
using a trap technique. Dehmelt 2 has done a detailed tron oscillator phase locked to a harmonic of a low
discussion of the theory and operation of ion traps. frequency synthesizer of good spectral purity and stab-

Principle of Operation ility. The electron gun creates ions in the trap fromn o ethe low presssre background of mercury atoms allowed

199 + to exist in the trap vacuum chamber. A solar blind
A frequency standard using the hfs of H9 (sensitive to only uv light) photomultiplier is used

stored in a trap can be realized using an optical to observe the fluorescence signal. Am interference
pumping arrangement similar to a rubidium standard, filter peaked at 194 m removes light from the elec-
The pump light is from mass 202 isotope mercury ions. tron gun and also discriminates against a strong atomic
This is an even-even isotope and has therefore no nuc- line of mercury at 254 ran that is present in the back-
lear spin and no hfs. A fortuitous consequence of
isotopeground. The phocomultiplier signal is processed in
194.2 am in 2 02 Hg+ has a goo ove~lap with the same photon counting mode to obtain best possible noise
transitin in 20H+ from th oo o 1hpef winhhe sae, performance at the low signal level. A frequency stan-
transition in 199Hg+ from the F - 1 hyperfine substate, dard would exist if the fluorescence signal were fed
but not from the F - 0 substate. Figure 1 shows the back to control the frequency of the klyetron-a
level structures. The 199Hg+ ions excited by the frequency locked 1oop.

pump light to the 6P state fall back to both hyper-
fine substates of th 60L ground state, emitting 194.2 Short Term Stability
am fluorescence radiatioj. In the absence of the
40.5 GHz excitation the F - 1 subspate is depopulated The background count rate was about 250,000/sec
and the fluorescence disappears. In the literature and the signal was about 2.5% of this. Assuming square-
this is often called intensity pumping. Thus if the a esal wqn bout of is ssbe in tue
hyperfine excitation is present and swept in frequency, tquarewave frequency modulation is used between the
the hfs resonance can be seen in the intensity var- two steepest points on opposite aides of the Lorentejanresonance curve to obtain the discriminator signal,.,
ation of the fluorescence light. This light signal obtain a shot noise limited short term frequency stab-can be used in the usual way to control a frequency ility of

*12



Sf/f * 6.4 x 10-12/4 trap, the field is down by a factor of four and the

shift by a factor of sixteen. If the ionic polaris-
as illustrated in figure 3. It is comparable to exis- ability is 1/10 that of the 6soelectronic atom, then
ting cesium and rubidium standards, the shift would be 6f/f - 4 x 10-14. 

The stabilization

of trap voltages to control the second order doppler
Further improvement in signal to noise ratio is shift would also stabilize this shift, probably into

in prospect. Considerable reduction of light back- the 10
-
17 region.

ground should be possible with a right circular cylin-
der (tuna fish can) trap instead of a hyperboloidal Hyperfine structure is susceptible to magnetic
trap. The idea is illustrated in figure 4. An analy- shifts. We use the (F - 1, m - 0) to (F - 0, a = 0)
sis by Benilan and Audoin

6 
indicates minimal change in transition which has quadratic field dependence.

trapping behavior. Werth and Ifflaender
7 
achieved From the Breit-Rabi formula

complete suppression of the background in an experiment
with trapped barium ions by using a laser. Unfor- 6f - (gj - gi)uBH2/2hvhfs ,

tunately a laser at 194.2 am is not imediately in
prospect for the mercury ion standard. However the where g3 snd g1 are are the electronic and nuclear g
limits have probably not been reached for improvement factors, U is the Bohr magneton and vhfs is in this
in lamp intensity. A factor of two or three improve- case 40.5 BGHz. For 

1
99Hg+ we have

ment may lurk in the overall quantum efficiency of the
photomultiplier--interference filter combination. 6f - 97.2 H

2
, H in gauss

Systematic Effects and Long Term Stability The high hyperfine frequency makes this the smallest
magnetic shift of all the atomic frequency standards

The fact that the ions are harmonicly bound in so that the shielding and magnetic construction mate-
an active potential well has various consequences in rial problem is slightly alleviated. Figure 6 shows
terms of frequency shifts that are produced. The first some measurement results.
order doppler shift is nil. The Dicke

8 
theorem pre-

dicts that the first order spectrum consists of the Because there is not perfect overlap between the
unshifted central line plus sidebands spaced at integer pump light spectrum and the absorption spectrum of the
multiples of the harmonic motional frequency (typically trapped ions (see figure 1) there will be a linear
50 KHz) away from the central line. The buffer gas shift in the hyperfine frequency with light intensity.
has a similar effect in a rubidium cell. Data on the relative spectral profiles and offsets of

sufficient accuracy are not at hand. A similar prob-
The second order doppler shift is of far greater lem exists with the rubidium standard. Possible

consequence. It has been predicted
2 
and found experi- solutions are isotope mixtures in the pump lamps or

mentally
7 

that the average energy of ions in an rf alternate a lication of microwave and light excitation
trap is about 1/10 of the well depth. The ratio of to the ions

1
.

fractional shift to kinetic energy for mercury ions is
5 x 10-12/eV. Experimental results are shown in Spin exchange shifts will be minimal at the low
figure 5. The error bars reflect limitations in the background pressures used. This a basic advangage of
spectral purity of the 40.5 GHz source. A deep electrodynamic confinement of ions over physical con-
potential well is desirable to trap a greater density finement of atoms with a buffer gas or a coated cell.
of ions for a higher signal to noise ratio while a
shallow well would minimized the shift. However a Conclusions
stabilized shift is acceptable for frequency standard
purposes. If everything scales, 0.1Z stabilization of In summary the achievable short term stability
the trap voltages whould bring fractional fluctuations and prospects for further improvement make it attrac-
in the shifted frequency to the 10

"
15 region. Dehaelt

2  
tive to continue further development of the mercury

has suggested using a buffer gas of light atoms ion standard. The estimates of long term shifts and
such as helium to reduce the second order doppler sources of error are not discouraging, but are general-
shift by collisional cooling. This would be at cost ly speculative and based mostly on other systems.
of some pressure shift, not present in the usual 10-10 As is true of other frequency standards, some short
operating vacuum for the trap system. The pressure term stability will have to be traded off for improve-
shift for mercury ions in helium is not known, but sent in long term stability. A large part of the work
Vetter, Stuks, and Weber

9 
measured the shift for struc- to be done lies in obtaining a good bargain in this

turally very similar barium ions in helium at about respect.102 Hz/torr. A 10
- 6 

torr buffer Sao pressure might

produce useful cooling of the mercury ions. Thus the References
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CLOCKS BASED UPON HIGH MECHANICAL Q SINGLE CRYSTALS*

D. F. McGuigan and D. H. Douglass
Department of Physics & Astronomy

University of Rochester
Rochester, Hew York 14627

Summary input of a lock-in amplifier and VA - V is demodulated
with a local oscillator (a Rocklan 510 frequency syn-

Larre, nearly perfect single crystals of silicon thesizer locked to a high stability quartz oscillator]

and sapphire are commercially available with masses of 2I

many kilograms. These crystals have been shown to have I h

very large mechanical quality factors at low tempera- is the period of oscillation of the crystal), the rela-

tures when oscillating in low mechanical modes.
1 

In tionship between AX of the crystal and the signal AV at

this paper we consider the possibility of making these w is
mechanical oscillators into stable clocks and frequency V

standards. The fundamental limits to frequency stabil- AV -t AX (3)
ity arising from the Brownian motion of the oscillator,
the electrical noise, and the quantum limit are all The value of 3C was approximately 0 to 100 cm

-
I

considered. All of these limits can, with proper The precise value depends on the electrcal conductiv-

choice of parameters, be below the performance levels ity of the faces of the crystal. For the voltages used

of presently available frequency sources. The factors in this experiment V cr 0 to 200 volts, a dto

which limit the frequency stability are likely to be i0
- 3 

Volts, the range of displacements measured was 5 x

due to time varying processes within the crystal. 10
-
11 to 0

-6 
CM.

Key words: Mechanical oscillator, frequency sta- Figure 3 shows the amplitude of vibration versus

bility, silicon single crystal, High Q, Quality factor, time of a silicon cylinder (mass 4.9 kg, length 22.9
Brownian motion limit, and quantum limit. cm, diameter 10.6 cm, f(4.2 K) = 19,553.46542 Hz) in

free decay at a temperature of 3.5 K. The measured re-
Introduction laxation time is 3.1 x 104 sec., which corresponds to a

In connection with our efforts to construct very Q of 2 x 109.

sensitive detectors for gravitational radiation we have If one had a crystal free from impurities and im-

been studying the properties of large nearly perfect perfections one might expect significantly higher Q's.
sie stainghprs of siliconandsapre. seay ery- We note that the Q values reported here are comparablesingle crystals of silicon and sapphire. These crys- in magnitude to the best values reported in other pure

tals are cylinders of mass several kilograms instru-

mented to oscillate in their first longitudinal mode of materials: 4.2 x I0 in quartz
3 

and x I0 in sap-
vibration, typically 20 kilohertz, at temperatures the phire.

4  
The question of how large Q can be in a pure

order of a few degrees Kelvin. One of the important crystal is an interesting one. The ultimate loss mech-

parameters for good graviational detectors is a high anism is due to phonon-phonon scattering and an esti-

mate of the magnitude leads to very large Q values at
mechanical quality factor, Q, which is related to the low temperatures. Before reaching this limit one will

a t*, bprobably encounter the case of a pure crystal with

Q r() tough surfaces. Savedoff
5 

has given an argument to

where w is the (angular) frequency of vibration. We suggest that for this case Q , (iTL/a)
2
, where L is the

report here Q values in excess of 109. size of the crystal and a is measure of the surface
roughness. Choosing L 1k 30 cm, a , 10

-
7 cm, one esti-

After a little reflection one realizes that these mates that Q ' 10 is feasible, which is seen to be 8

graviational wave detectors can easily be made into or 9 orders of magnitude higher than what we have pres-

clocks. Furthermore, with Q values this high one might ently achieved.

expect to make a very good clock. How good these Frequency Stability of a Mechanical Oscillator
clocks can be is the subject of this paper.

Experimental Methods and Q Measurements We consider a mechanical oscillator of mass M vi-

brating with amplitude x at angular frequency w. The

Figure 1 illustrates the experimental apparatus, uncertainty in the determination of the frequency f is

A crystal cylinder which vibrates in its first longi- related to the uncertainty in determining the time in-

tudinal mode of vibration is suspended against gravity terval T of an integral number of cycles:

in a vacuum chamber by a tungsten wire (typically 0.025 Af _ AT (4)
cm diam), The wire is located at the middle as shown, f T

which is a node for this mode of vibration. The wire
is attached to a "cold plate" which can be at any temp- The uncertainty in T is caused by a fluctuation in the

erature above 1.4 K. The temperature of the crystal amplitude

can be controlled by changing the temperature of the a
"cold plate." Liquid helium, which is the source of AT -L Ax =- Ax , (5)

the cooling, surrounds the vacuum chamber in a standard

cryostat. Figure 2 shows schematically the electrical so that we have

circuit which we are presently using for exciting the 6f _ 1 Ax (6)

crystal into resonance and the detection of the subse- f - WT X
quent motion. This scheme is essentially that of a, ca- The energy of the oscillator is
pacitance microphone. In this circuit the displacement

AX of the face of the crystal causesa change in theca- E = MW
2
x
2  

(7)
pacitance C, which produces a change in the output sig-

nal AV at the resonator frequency w The uncertainty Ax in equation 6 can be caused by sta-

AV - VA - VB  , (2) tistical fluctuationp and is

The voltages V A and V8 are put into the differential

ale



(Ax (x + Ax' + (8 a 2x10H
__x 2__ (

2T.= 8.4 x 10
-
"1

where the bar signifies a statistical average and where BM

allowance for more than one source has been explic- clo~gml +
ily indicated. Equation (6) can be expressed as fIiJ ,T ) 109 (19)

Af I ( AE )
f W I (9) The Q dependence of this expression is shown in FigureE 4 for integration times of 1 sec and 100 sec. One sees

where equation (7) for E has been used and where that the frequency flucutations from this source are
easily smaller than that of available sources (such as

AE - Kt 
2 

(A-x + -x + ,. (10) the Hydrogen maser or the superconducting cavity-stab-
ilized oscillator). In principle one can make this

- AEI + AE2 + source of uncertainty as small as we desire by making
T smaller and/or making oscillators with larger Q's.

has been defined. Equation (9) is the basic relation-
ship. The fluctuations in the frequency can be deter- Electrical Noise. Let us suppose that we can make
mined by identifying the various sources of uncertainty the frequency fluctuation due to the Brownian motion as
in energy as expressed by equation (10). small as we like. At some point we will encounter the

noise in the transducer and amplifiers in the electri-
Brownian Motion of the Oscillator cal circuit. Thus there will be an energy uncertainty

AEe which when determined can be put into equation (9)
The fluctuation in the amplitude Ax of an oscilla- to find the frequency uncertainty. Braginaky

8 
and

tor at temperature T due to the Brownian motion is eas- Giffard
9 
have shown that AEe of a transducer-amplifier

ily worked out
6 

and is system is of the form
1 lk

B!.! = (11) AEe - A - + BT (20)

where k is Boltzman's constant and where A and B are parameters describing the particular

transducer-amplifier scheme. The first term is fre-

S, <<quently associated with the noise from the amplifier* , Tand the second term is frequently referred to as the
I Tz-[

*  (12ab) Braginsky back-reaction effect. It is sometimes con-
venient to define a noisc temperature TN

and where r* is the amplitude relaxation time given in - kT
equation (i). Because of our high Q's and large T*'s e N (21)
we will consider only case (12a). Putting equation

(11)int (9 we btar-.We note that at short tntegra ton times the first
term dominates, giving a Af/f - TT dependence, zd at

A I 1 2k long integration tt.mes the second term dominates,Lf" BM- (13) yielding Af/f - T-4. Let us consider the frequency
BMWT fluctuation using expression (21)

--~ kT (22Using equation (1) this can be expressed Af] 1~ ( -'N ) (22)

kT f I WT EJ

IBM (14) Using the expression for E and the values of the param-

If one remembers a relation between the energy loss eters used previously we obtain

of the oscillator and the quality factor Q f 4 2_x_10_H

wE f=7. x
1 (15) e

then (14) can be put into a more familiar form J ikJL N J (23)
Af __r - To estimate the order of magnitude of Af/f we consider

( several cases.

If the power P delivered to the measuring circuit is FET Amplifier. One of the best available room-
one-half of the power lost as it frequently is in an temperature amplifiers is made from Field Effect Tran-
optimum impednce match, equation (16) becomes sstors (FET). Although TN varies with T, as equation

i M(2kT + (20) shows, and also with circuit impedence, we will

FQ [~'(17) estimate the frequency fluctuation assuming TN 1%, 0.25f K, which is close to what can be achieved. For r l
which is identical to what one finds in the literature sec,
We shall work with the fluctuation in f as expressed by
equation (14). Putting the expression for the energy, AfI *' 3.7 x 10

-
o? , (214

equation (7), into (14) we obtain f-FET

,which is competitive with the best available frequencyf Ox (18) standards . One could wish to do better. It is pos-
f 8; [• sible that one could drive the oscillator at a )arger

amplitude, say 10
-
1 ca. At some point, though, one

We will now estimate the order of magnitude of Af. would expect to encounter nonlinear effects which would
Let ts assume M 1x 10g su, T - IX, w - 2 x 2-104 cause frequency shifts.
sec

"
1
,
x w 10"4ce, Q - 101, which corresponds to values

of parameters that can be easily achieved. Low Temperature Transducers. Since one has to

-' - = 617



cool these crystals to achieve the high Q's, one might tronics we will then consider using the more exotic
wish at the same time to use the new transducers being low-temperature transducers such as the SQUID.
developed for use with the gravitational wave detectors.
Some of the most sensitive ones being proposed are Appendix A Analysis of Circuit in Figure 2
based upon the SQUID (Superconducting Uantum Interfer-
ence Device). The present state of the art suggests As an example of the frequency fluctuations which
that one could build a transductor amplifier with TN * occur in a particular scheme we consider the one in
10-SK even though there are severe problems such as im- Figure 2. The relationship between the displacement
pedence matching, which must be overcome. Putting this Lx and the change in thevoltage AV is given by equation
value into equation (23) one obtains (3)

2 )f .c.fA 19 lOm 2 x f 1V e( 2.)xTI 2.3 x10 L x- t -- V -
SQUID

f se .AOA) We can calculate the frequency fluctuation for
M (25) this case directly from equation (6)

Thus we see that if one could reach the room temp- f 1 Ac (A2)
erature "limit" of l0

-1 7 
given by equation (24), then WTXVo(- -)

two more orders of magnitude could be achieved by going
to the more exotic transducers being developed for the We now assume that we are using an amplifier with a
gravitational wave detectors, noise voltage Vn given by

The Quantum Limit. One can reasonably expect thatVn - (4kTaf) (A3)
the low temperature transducers being developed for

the gravitational wave detectors will §et better as9  where there is a characteristic temperature Ta and
more work is spent on them. Braginsky and Giffard characteristic resistance R describing the amplifier.
have also shown that there is a fundamental limit AEq If we assume that we are limited by this noise voltage,
for linear devices on the value AEe which comes from the' the frequency fluctuation can be expressed as
the uncertainty principle in quantum mechanics

AEq -tE M __2 (26) f WTX(&)V o (4 (A4)
q- eccaxo

where A is Planck's constant. Let us put this in equa- Next we assume that we havS a ,ery good FET amplifier
tion (9) (with 4kT R 4 10

-
19 volts Hz-1). Using parameters

_____that we h ave discussed above we obtain
f 4.2.5 x 10-1[2 x O _Hz _---_ --c_

Using the same example as before c x

cml lO~'l+ ,fOO 4kT R 3'
x _x )2x 2I-V 2- ) T , (A5)

1sec)fLwoem+~ 1
(28) where we have taken account of the fact that Af T'-J- This is of the same order of magnitude as was achieved

Thq example of the SQUID, equation (25), is close to above (see equation 23) but here one sees how the var-
this limit. This is the ultimate limit for a linear ious parameters come in. We mention again that the
detector. However, Braginsky

6 
has proposed a "quantum (4kTaRa)d+4 3 x 10-10 volts Hz-+ value can only be

ton-demolition" scheme which may not be subject to this achieved at a certain frequency and impedence and if
limitation. this can not be achieved then one will of course do

Experimental Plan worse than that given by equation AS.

Our plan is to study these large nearly perfect In order to reach the limit given by (A5) one has
single crystals as stable frequency sources. One of the to make sure that the Johnson noise from the external
first experiments will be to compare two of these os- resistor is low enough. The noise voltage VR appear-
cillators using room-temperature electronics. The cir- ing across C in Figure 2 is
cuit of Figure 2 is analyzed in the appendix. There we 1 (4kTRf)+
show that the Johnson noise from the resistor dominates VR Z (Tf (A6)
with the values presently being used. It should be rel-
atively easy, however, to reduce the Johnson noise be-
low the limit of the best FET amplifiers. Next we want where R and C are the resistance and capacitance indi-
to compare one of these oscillators with one of the cated in the measuring circuit. This can be expressed
primary standards, a Cs beam clock say. This would al- as
low us to study the time dependence of effects within
the crystal that would cause the crystal to change its VR  9 (T l 10-1 _ f x )"_Hz volts
length or to change its elastic constants and hence its ; 1.9 x 10- 1 1 volts
frequency. It is these effects that we expect may lim- 1 C 1, 1
it the frequency stability of the crystal. Other ef- Hz

- 
. (A7)

fects would also be studied, such as temperature
changes (we expect this to be an easy problem since the At room temperature and with the parameters presently
change in frequency with temperature is small; being used this source of noise would dominate th t
f-f(4.2 K) vl.8 x 10-1

0
T
3 

for the crystal described in from a good FET preamplifier (3 x 10
" 1 

volts Ha-).

this fpaper.) However, one can reduce VR by lowering T and increas-

If we do reach the limit of room-temperature elec- ing C and R gig
t - ,,.. . - "-....
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LELQUM SCHEMATIC IF 0 MEASURING CIRCUIT

COLD
LATED Figure 2 Schematic of electrical circuit. A voltage

at one half the cylinder frequency excites
the cylinder into resonance. The amplitude
of vibration AX is determined by measuring

VACUUM the output VA - VB of the balanced capaci-
CHAMBER tance microphone circuit. Displacements of

X ". 5 x 10-1' cm can easily be measured.

SUPPORT'
WIRE

CYSTAL
YLINDER

VIBRATION OF SILICON CYLINDER
Figure 1: Schematic of crystal cylinder and liquid

helium cryostat.
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Figure 3: Amplitude of vibration in first longitudinal
,-21 mode of vibration vs. time. The value of

Q % 2 x 104 corresponding to a relaxation
,F'06 oto0 IOV time (lie) of 3.1 x 104 sec - 8.6 hrs. was

Qualit O Facto( 0 measured. The oscillation in amplitude is
OualIWt FOCI ~caused by a slight frequency difference

(which is deliberate) between the local os-
Figure 4: Frequency fluctuation of an oscillator vs. cillator and the cylinder. The frequency at

Quality factor dole to Brownian Motion. T- 4.2 K was 19553.46542 %ai.
Curves for integration times of I sec. and
100 sec. are shown.

m. ,



INDEX OF AUTHORS

AUTHOR PAGE AUTHOR PAGE AUTHOR PAGE

C. A. Adams 3, 246 J. Hermann 55 0. B. Percival 319
D. W. Allan 495, 555 J. Ho 421 H. E. Peters 510
T. L. Anderson 171 0. T. Hodges 574 P. Petit 499. 520. 535
R. Arakelian 400 T. Hoffman 525 J. C. Poncot 17
S. H. Arneson 231 J. 0. Holmbeck 390 K. A. Prichard 495
T. Arranz 207 F. W. Hopewood 385 R. C. Rennick 191
C. Audoin 311,520, 535 D. A. Howe 555, 562 A. S. Risley 583
B. A. Auld 251 C. K. Hruska 159 R. C. Rosenfeld 231
H. S. Babbitt, III 412 U. Hubner 327 M. J. Ross 448
W. H. Bailey 187 N. W. Hudson 347 H. Rossman 385
A. Ballato 8, 102 M. Inguscio 605 S. Rovea 535
E. Bava 578 S. Ishiqami 62 J. Rutman 291
R. Benedetti 605 A. R. Janus 281 E. S. Sabisky 510
M. Berte 122 S. Jarvis, Jr. 555 A. Sanchez 590
R. J. Beeson 147 A. Javan 590 T. Sase 62
M. Bloch 421 T. R. Joseph 365 M. Sato 62
E. Blomberg 525 A. Kachelmyer 197 J-Y Savard 535
W. L. Bond 153 R. S. Kagiwada 266 J. S. Schoenwald 240
D. B. Bradley 436 K. Kamada 48 L. Schulzke 96
R. Brousseau 344 P. Kartaschoff 478 P. J.Scott 407
K. E. Brown 465 Y. Kasai 207 W. D. Seal 347
T. I. Browning 258 E. D. Kolb 178 J. H. Sherman, Jr. 108
G. Busca 535 Y. Konno 275 S. Shibayama 275
J. B. Cain 436 J. A. Kusters 3, 153, 246 K. Shirai 207
P. H. Carr 182 A. L. Lance 347 F. Shishido 117
R. N. Castellano 126 K. F. Lau 266 B. K. Sinha 23
A. B. Chase 574 R. A. Laudise 178 W. J. Skudera, Jr. 285
C. M. Chie 302 J. G. Leach 3 W. R. Slabon 455
L. E. Cross 171 J. W. LeBus 131 R. C. Smythe 44
E. Daams 463 P.C.Y. Lee 29 G. L. Snider 78
C. F. Davis, Jr. 590 C. Lemieux 463 M. I. Spellman 436
A. De larchi 578 P. Lesage 311 E. J. Staples 371
J. De Prins 503 M. W. Levine 525 C. M. Stearns 197
M. Desaintfuscien 520, 535 M. F. Lewis 258 S. R. Stein 335, 495, 601
A. Di Lieto 605 J. C. Lievin 503 F. Strumia 605
0. H. Douglass 616 T. C. Lim 371 R. C. Sundahl 126
M. M. Driscoll 400 W. C. Lindsey 302 H. A. Sunkenberg 448
B. Dubouis 499 K. C. Liu 590 F. Tajika 48
L. Dyal Ill 281 T. Lukaszek 8 S. W. Tehon 197
G. L. Bybwad 144 T. Luxmore 396 M. Tetu 344
E. P. EerNisse 8 N. Manabe 48 H. F. Tiersten 23, 44
G. Elchinaer 590 E. Mattison 525 R. Tilton 102
W. L. Eversole 187 M. McColl 574 M. Tonelli 605
B. T. Fang 489 D. F. McGuigan 616 H. S. Tuan 271
G. Faucheron 499 M. D. McGuire 612 C. T. Van Degrift 375
R. L. Filler 131 T. R. Meeker 35, 126 H. Van de Stadt 601
R. Fischer 96 F. G. Mendoza 347 J. Vanier 344, 535
C. Freed 592 P. Minguizzi 605 P. K. Verma 463
H. Fukuyo 117 M. B. Mohler 562 R. Vessot 525
K. Furusawa 62 J. P. Muhlbaier 385 J. R. Vig 131
A. Gabry 499 D. E. Newell 71 , 396 A. 1. Vulcan 542
J. J. Gagnepain 17 R. E. Newnham 171 F. L. Walls 335
W. A. Garber 574 S. Nishiyama 275 B. Walther 484
R. M. Garvey 555 P.P. Nuspl 465 K. L. Wang 266
A. Genis 71 G. Nystrom 525 S. Wanuga 197
J. George 542 R. M. O'Connell 182 R. D. Wegletn 225
A. Godone 578 M. Okazaki 48 D. J. Wtneland 562
P. F. Godwin, Jr. 78 S. Okuda 207 Kuang-Ming Wu 29
E. P. Graf 484 M. Onoe 48 ,62 S. 0. Wu 271
T. K. Gregory 551 T. F. O'Shea 231 K. Yakuwa 207
T. J. Grenchik 489 J. Otomo 275 Bing-Hui Yeh 251
F. Guillaume 503 N. Oura 117 K. H. Yen 266
P. L. Ham 187 T. E. Parker 359 H. Yoshida 3
H. L. Hartman 429 G. T. Pearman 191
H. Hellwig 495, 555 C. Pegeot 17

Gal 
PAW B'U M



SPECIFICATIONS AND STANDARDS GERMANE TO FREQUENCY CONTROL

Institute of Electrical and Electronic Engineers IEC Publication 283 (1968) Methods for the

Order thrcligh: Institute of Electrical and Measurement of Frequency and Equivalent
Electronic Engineers Resistance of Unwanted Resonances of

345 E. 47th Street Filter Crystal Unit $ 6.00
New York, New York 10017 IEC Publication 302 (1969) Standard Definitions

176-1949 Piezoelectric Crystals, Terminology for and Methods of Measurement for Piezoelectric
(ANSI C83.3-1951) (Reaff 1971) $ 4.00 Vibrators Operating Over the Frequency Range

177-1966 Piezoelectric Vibrators, Definitions up to 30 MHz $10.80

and Methods of Measurement for (ANSI C83.17- IEC Publication 314 (1970) Temperature Control
1970) $ 4.00 Devices for Quartz Crystal Units, including

178-1959 Piezoelectric Crystals, Determination of Supplement 314A $25.00
Contents. General Characteristics

the Elastic, Piezoelectric, and Dielectric & Standards;
Constants of, also, the Electromechanical
Coupling Factor (ANSI C83.23-1960) $ 3.50 Test Conditions; Pin Connections

179-1961 Piezoelectric Ceramics, Methods of Measure- IEC Publication 314A (1971) First Supplement
ment of (ANSI C83.24-1962) (Reaff 1971) $ 3.50 to Publication 314 (1970) $12.60

Contents. Guide to the Use of

180-1962 Ferroelectric Crystal Terms, Definitions Temperature Control Devices for
of $ 3.00 Quartz Crystal Units.

319-1971 Piezomagnetic Nomenclature $ 4.00 IEC Publication 368 (1971) Piezoelectric Filters,
Electronic Industries Association including Amendment 1 and Supplement 368A

and 368B $45.80

Order through: Electronic Industries Assn. Contents. General Information &
2001 Eye Street, N. W. Stntsr V al Inditions
Washington, D.C. 20006 Standard Values; Test Conditions

(a) Holders and Sockets IEC Publication 368A (1973) Supplement to
Publication 368 (1971) $17.40

RS-192-A, Holder Outlines and Pin Connections Contents. Guide to the Use of
for Quartz Crystal Units. (Standard Dimensions Piezoelectric Filters
for older types.) $ 5.00 IEC Publication 368B (1975) Second Supplement to

RS-367, Dimensional and Electrical Character- Publication 368 (1971) $16.00
istics Defining Receiver Type Sockets. Contents. Piezoelectric Ceramic
(Including crystal sockets.) $15.00 Filters

RS-417, Crystal Outlines (Standard dimensions IEC Publication 444 (1973) Basic Method for
and pin connections for current quartz the Measurement of Resonance Frequency
crystal units - 1974) $ 5.80 and Equivalent Series Resistance of Quartz

(b) Production Tests Crystal Units by Zero Phase Technique in a
b - Network $13.80

RS-186-D, Standard Test Methods for
Electronic Component Parts $ 5.20 TEC Publication 483 (1976) Guide to Dynamic

Measurements of Piezoelectric Ceramics
(c) Application Information with High Electromechanical Coupling

Components Bulletin #6, Guide for the Department of Defense
Use of Quartz Crystal Units forI Fe ofQucy Control $3.60frOrder through: Naval Publication & Form CenterSFrequency Control $ 3.60 5801 Tabor Avenue

International Electrotechnical Commission Philadelphia, PA 19120

Odrthrough: American National Standards MIL-C-3098 Crystal Unit, Quartz, General
Institute Specification For

1430 Broadway143 Boadw YorMIL-H-10056 Holders (Enclosures), Crystal, General
New York, New York 10018 Specification For

IEC Publication 122-1 (1962) Quartz Crystal Units
for Oscillators MIL-STD-683 Crystal Units, Quartz; And Holders,

Section 1, Standard Values and Conditions. Crystal

Section 2, Test Conditions MIL-C-39020 Crystal Units, Quartz Established
including Amendments 1, 2 and 3 $16.20 Reliability, General Specification For
Amendment 1 (1967) $ 1.40 MIL-F-28734 Frequency Standards, Cesium Beam,
Amendment 2 (1969) $ 1.00 General Specifications For
Amendment 3 (1971) $ 1.80

IEC Publication 122-2 (1962) Section 3, MIL-O-55310 Oscillators, Crystal, General

Guide in the Use of Quartz Oscillator Specification For

Crystals, including Amendment 1 $15.40 MIL-F-18327 Filters, High Pass, Low Pass,
Amendment 1 (1969) $ 1.40 Band Pass Suppression and Dual

IEC Publication 122-3 (1962) Section 4, Functioning, General Specification For

Standard Outlines, Including MIL-0-39021 Oven, Crystal, General
Supplements 122-3A, 122-3B and 122-3C $23.60 Specification For

23 KAonm ~ dmMK- noM


